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Thii*  luitii  techJiical  repurl  v,as  prepared  by  J.  h'^  Miiier,  !•  .  J*  Reid,  L.  K, 
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teennicai  co^nizaJice  ul  Dr.  C.  R-  Barnes  ul  Ine  Elect  runic  s  Research  Branch, 
Electronics  Technology  Uivisiun,  Air  F'urce  Avionics  EaUuratoiy,  Research  and 
iechnology  Division^  Air  p'orce  b^slenis  Coniniand,  r^giit  Air  De velupiiient  Center. 
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ABSl  RAC  I 


ihis  investigation  v^as  concc me d  v,  ah  the  conipounding .  crystal  gro\^lh,  char^icteri 
zalion,  and  evaluation  ot  compounds  iornied  betv»cen  the  rare-earth  elements  and 
elements  of  chemical  Groups  V  and  VL  Special  emphasis  is  placed  on  providing  basic 
information  to  niake  possible  the  ultirnat#^  de vciupme nt  ui  useful  solit’:- state  rleclr'Uu^ 
dt  vices  based  on  thes<‘  materials.  In  s  irnplir.g  tr.e  members  of  tiie  rurt  - earth  taiTuiy, 
the  dements  cerium,  neudyniiurn ,  saniarium.  gaduhruum,  erbium^  anci  yttt  rbiam  liuve 
been  used  m  the  preparation  ui  representative  eompounds  ar4d  allcry s  w'Ah  anions,  sucf; 
as,  seienium,  tellur i uni ,  oxyj^en*  arsenic,  antimony,  phosphorus,  and  nitrogen. 

Single  crystal,  bulK,  and  thin- film  specimens  have  been  prepared,  and  details  - 
garding  nu  thods  ul  compounding  and  crystal  growth  are  given.  Crystal  struct ur**  and 
phase  relationships  indicate  that,  m  sLuue  c^is as  many  as  luur  distinct  crystalline 
phases  may  exist  uithin  a  single  binary  system.  While  electrical  corid^cl  i  va  ii*  s  lu 
the  materials  treated  la  11  gene  rally  mine  semiconductor  range,  transport  riiC  cha  ni  sni 
are  not  entirely  coiisistent  vith  classical  semiconductor  theory  .  Tne  electrical  proper¬ 
ties  of  specimens  of  the  various  compounds  and  compositions  are  coi.si stent,  in  general 
With  the  present  unde  r  standing  of  the  chemistry  and  crystal  structure  of  the  rare-earth 
elements  and  compounds  in  many  cases  it  is  i  vident  trial  tne  presence  of  unfilU  d  4f 
shells,  ass^-»ciated  with  the  rare-earth  elements,  strongly  inliuences  electron  transport 
in  these  materials,  which  fact  is  of  both  practical  and  theoretical  interest.  Several 
applications  of  rare-earth  compounds  and  alloys  studied  ari-  suggested.  Tliese  inciude 
application  in  thermistors  and  related  devices,  adjustable- tempe ratu re- coo fficient  re¬ 
sistors,  high-tempcrature  thermoelectric  generators,  and  active  devices  consisting  uf 
metal- insulator  structures. 


PUBLICAIIOX  REVIEW 


Publication  of  this  technical  documentary  report  does  not  constitute  Air  Force 
approval  of  the  reports  findings  or  conclusions.  It  is  published  only  for  the  exchange 
and  stimulation  of  ideas. 
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Chief,  Electronics  Research  Branch 
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STUDY  OF  SFM^C\>r^DUC;  i  iXG  FROFtRTiES 
_  OF  SFUi-CIllD  ItARi:.-4^AJi  I  li  M  t  l  A 1  ^ 
A.ND  COMP../UNDS 


INTHuDUC  liUN 


lhii>  ii>  tiic  iliiul  1  cv  hiiical  Du\.uUit'iil«i  r  •-  K*  jjori  oii  the  aubjeit  proj,*  ♦*  .m  i  tuvt*rs 

the  resctJiTuh  accuinplishnient&  !  roni  June  I,  i9i>0-  to  December  H,  19t>3,  The  priiriury 
ohjertive  of  this  investigation  is  to  develop  ncu  knowledge  and  control  of  the  prepara¬ 
tion  and  properties  of  selected  rare*carth  Cuinpounds  “ihrough  studies  of  the  materiais, 
ultirtiately  as  single  crystals  ar.d  films,  and  thus  to  assay  the  potential  of  these  nnjte- 
riais  for  electronic  applications^  To  this  end^  a  number  of  representative  rom^KHtmls 
and  alio/s  of  the  rare-Ccirth  eieir*eiils  in  cornbuialion  witli  elements  ol  cheniitGl  Ciroups 
V  and  VI  have  been  investigated.  Kesctirch  has  been  conducted  in  the  areas  of  com¬ 
pound  preparation,  purification,  crystal  growth  and  structure  studies*  1  ilm  depos  it  ion , 
ar.d  eleitrjcai  analysis. 

Considering  that  there  are  14  rare-e«irth  e.'.ements,  that  information  obtained  in 
tile  early  work  pointed  to  tiie  existence  of  several  compounds  in  each  of  the  syslein», 
arid  that  a  number  of  Groups  V  and  VI  metal loid  species  are  involved,  the  number 
possible  compounds  in  tile  ^systems  under  consideration  is  seen  to  be  extre^nciy  iai  ue. 

To  undertake  investigation  of  all  of  the  compounds  would  constitute  a  proliibiii vei>  iargt 
task.  Therefore,  available  ii^formation  on  the  .^liexniist ry  o£  the  rare-eartii  elements 
was  utilized  m  the  selection  of  representative  ^^ompounJs  for  stud\  .  In  addition,  since, 
in  an  initial  exploratory  study  (Ref.  1)‘\  tlie  more  interesting  electrical  properties  v.ere 
observed  for  tiie  seienides  and  teiiurides,  initial  and  major  portions  ot  this  investi¬ 
gation  were  devoted  study  of  these  compounds  and  their  alloys. 

In  discussions  of  the  chemistry  of  tiie  rare-eailli  elements,  tlu-  similarity  of  tlu-ir 
beiiavior  and  ttie  preciominance  of  liie  tripositive  oxidation  state  are  often  stressed  * 
thus  creating  popular  na sconceptions.  As  siiown  in  Tabic  I,  other  important  oxidation 
states  also  are  observed  fur  a  number  of  me  elements.  Conversion  to  the  dipositive  or 
let  rapositive  slate  is,  in  fact,  utilized  in  elfccting  tin?  ejiemical  separation  of  some 
elements  from  (naturally  occurring)  mixtures.  Hence  it  is  apparent  that  several  types 
of  chemical  behavior  of  the  rare-earth  elements  must  he  considered  if  one  is  to  study 
representative  rare-earth  materials. 

Among  the  tripositive  ions^  high  stability  is  associated  with  the  electronic  con- 
figiirations  of  the  L.a  and  luns  in  which  ^he  4f  levels  are  einpt^  ,  half 

nlied,  and  filled,  rc* specli vely  The  dipositive  and  letrapositive  oxidation  states  ul  irie 
neighboring  /are-earth  elements  (Table  i)  appear  tc»  arise  as  a  result  of  approach  to, 
or  achievement  4>f,  the  stable  41^4  coni  igur  at  ions.  Among  thes.*,  tlu*  dip<usiti\x 

states  of  samarium,  europium,  and  yUc  rbiuns  and  thr  tel  ra posit  ive  state  ut  cr  rium  nre 
tlie  nit>re  important;  tiie  cor  re  sponding  tales  of  tfiulium,  praseodyimum ,  and  terbmm 
appear  tv  be  less  stable  and  are  observed  only  under  special  conditions. 
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TABLE  L  OXIDATION  STATES  AND  ELECTRONIC 
ELEMENTS 


Known 

Corresponding  4f 

Element 

Oxidation  States 

Electronic  Configurations 

La 

3 

4r 

4f^  -  4^ 

Ce 

3-4 

Pr 

3  -  4 

“  4f^ 

Nd 

3 

4f^ 

(Pm) 

3 

4f^ 

Sm 

Z  -  3 

-  4f^ 

Eu 

2-3 

4f  -  4& 

Gd 

3 

4p 

Tb 

3  -  4 

4£8  -  4|7 

Dy 

3 

4£9 

Ho 

3 

4fl0 

Er 

3 

4fll 

Tm 

Z  -  3 

4fl3  _  4£l2 

Yb 

2-3 

4,14  _  4fl3 

Lu 

3 

4fl4 

Within  a  given  class  of  compounds,  it  is  reasonable  to  expect  that  different 
characteristics  will  be  obtained  as  the  chemical  nature  of  the  rare*earth  element 
changes.  Accordingly,  rare-earth  elements  were  selected  from  the  three  types  noted. 
Neodymium,  gadolinium,  and  erbium  were  chosen  as  representatives  of  the  "regular”, 
rare-earth  elements  which  exhibit  only  the  tripositive  oxidation  state.  Samarium  and 
ytterbium  were  selected  for  study  as  representatives  of  the  elements  which  exhibit  both 
dipositive  and  tripositive  states.  Compounds  of  cerium  were  also  prepared  and  studied, 
since  this  element  exhibits  both  the  tripositive  and  tetrapositive  states. 

Another  factor  which  one  might  expect  to  warrant  consideration  is  the  possible 
effect  of  the  lanthanide  contraction.  The  decrease  in  atomic  and  ionic  radii  with  pro^ 
gression  through  the  rare-earth  series  certainly  produces  an  effect  on  properties  of  the 
elements  and  compounds.  However,  results  indicate  this  to  be  of  secondary  importance 
among  the  effects  and  phenomena  noted  and  discussed. 


COMPOUND  PREPARATION  AND  CRYSTAL  GROWTH 


The  principal  technique  employed  for  compound  synthesis  has  been  a  solid- vapor 
reaction  between  rare-earth-metal  filings  and  vapors  of  the  Group  V  or  Group  VI 
element  at  relatively  low  temperatures  (450  to  iOSO  C).  This  reaction  yields  the 
materials  in  granular  form  from  which  bulk  crystalline  specimens  are  prepared  by 
melting  techniques  or  by  powder-inetailurgicai  techniques.  Although  the  majority  of 
the  materials  studied  were  prepared  by  this  solid-vapor  reaction,  employed  in  special 
cases  were  other  synthetic  techniques  such  as  liquid- vapor  reactions  and  solid-vapor 


whi^h  th^  th^  >,nlh  r.rl  i.irT^^r.  I ...  mriurmrth  ninfril  A  rii  n  ■■■  .m.l  rm 

iftvoivtng  ihtn  iilm^  oi  rare-earth  metals  and  compounds  is  found  in  a  later  section  an 
**Thin  Films*’. 

Three  general  methods  of  crystal  growth  have  been  investigated;  (If  growth  from 
sK.ichionictric  or  nearly  stoichiometric  melts,  (Z)  gro\Uh  by  vapor  deposition,  and 
(3)  growth  from  soiution.  Study  oi  the  iow -le mpe rature  cry stal” growth  methods. 

Items  {1)  and  (3),  was  attractive^  since  the  preparation  of  purer,  more  nearly  perfect 
*  rystdls  through  reduction  of  contamination  and  attainment  of  better  control  over  the 
crystalli;^atioa  process  should  be  possible  at  the  low'  temperatures. 


Vapor^Solid  Reaction 


in  the  most  successful  method  developed  to  date  for  the  preparation  of  bulk  speci¬ 
mens,  the  compound  is  first  prepared  in  powder  or  granular  form.  The  granular 
material  is  then  melted  down  and  cast  into  an  ingot  from  which  bulk  specimens  suitable 
for  evaluation  can  be  obtained. 

The  compounds  were  prepared  in  granular  form  by  reacting  vapor  of  the  Group  V 
or  Group  VI  element  with  filings  of  tlie  rare-eartli  metal  at  moderate  temperatures. 
Some  contaminants  were  probably  introduced  in  producing  the  filings.  However,  the 
increased  reaction  rate  obtained  thereby  is  believed  to  outweigh  the  contamination 
effects,  at  least  in  an  exploratory  program. 

The  vapor- solid  reactions  were  carried  out  in  sealed,  evacuated  Vycor  tubes, 
which  were  designed  so  as  to  maintain  physical  separation  of  the  rare-earth  metal  and 
the  Group  V  or  Group  VI  element  in  the  condensed  state.  Maintaining  this  physical 
separation  precludes  the  possibility  of  the  rapid,  violent  reaction  w^hich  tends  to  take 
place  on  direct  contact  of  the  condensed  phases.  For  example,  the  reaction  between 
dysprosium  and  selenium  has  been  observed  to  recvch  explosive  proportions  at  about 
400  C. 


To  carry  out  the  desired  reaction,  vapor  of  the  Group  V  or  Group  VI  metal  was 
distilled  over  rare-earth-metal  filings  at  temperatures  in  the  range  450  to  1050  C.  The 
reaction  conditions  were  varied  semewhat,  depending  on  the  specific  reaction  being 
carried  out.  In  general,  temperature  was  increased  slowly  in  a  period  of  4  to  50  hours, 
and  was  held  at  the  selected  level  for  an  additional  14  to  ISO  hours.  Periodic  checks 
were  made  to  determine  when  the  reaction  was  complete.  The  reaction  was  considered 
to  be  complete  when  (1)  a  condensate  of  the  volatile  constituent  failed  to  form  on  the 
reaction-tube  wall  as  it  cooled  after  being  removed  from  the  furnace,  and  (Z)  the  product 
had  a  homogeneous  appearance  (i.e.  ,  contained  no  visible  particles  of  partially  reacted 
or  unreacted  metal).  In  the  first  experiments  on  the  preparation  of  a  given  compound, 
the  approximate  minimum  thermal  treatment  required  for  synthesis  was  thus  determined 
empirically;  these  conditions  then  were  duplicated  or  exceeded  in  subsequent 
preparations. 

The  reaction  conditions  varied  widely  as  the  identity  of  the  compound  being  pre¬ 
pared  changed.  For  example,  the  temperature  was  increased  more  slowly  when  a  high- 
vapor- pre  ssure  element  such  as  selenium  was  involved  than  for  initiation  of  a  reaction 
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involving  a  low- vapor^presaure  element  such  as  bismuth*  Likewise^  the  longer 
action  times  and  higher  tempf  WMrT-  ■  f  iiii  iliil'n 

"ginrop ''’^n  sa '  volatile  metalioids.  This  is  amply  illustrated  by  com¬ 

parison  of  the  reaction  between  yttrium  and  bismuth^  which  required  140  hours  at 
800  to  900  C,  with  that  between  dysprosium  and  selenium  to  form  the  sesquiselenide^ 
which  appeared  to  be  complete  in  approximately  6  hours  at  400  C«  Other  examples  of 
reaction  conditions  employed  are  given  in  Table  Z. 

As  is  indicated  in  the  preceding  discussion,  the  vapor-solid  reaction  has  been  in¬ 
vestigated  for  the  preparation  of  a  number  of  classes  of  rare-earth  intermetallic  com¬ 
pounds.  Several  general  observations  can  be  made  regarding  application  of  the  pro¬ 
cedure  to  the  synthesis  of  compounds  of  the  various  classes.  Although  the  observations 
are  based  on  work  with  just  a  few  representative  systems,  it  is  reasonable  to  expect 
that  similar  behavior  will  be  exhibited  in  nearly  all  the  subject  binary  systems.  In  the 
majority  of  the  cases,  the  reactions  to  form  the  compounds  in  a  powdered  or  granular 
state  were  carried  out  in  evacuated,  sealed,  fused  silica  or  Vycor  ampoules.  In  such 
containers,  it  was  necessary  that  the  maximum  reaction  temperature  be  held  at  900  C 
or  lower,  since  it  was  noted  that  the  rare-earth  metal  and/or  compounds  react  with  the 
fused  silica  at  higher  temperatures.  X-ray  diffraction  studies  on  the  Gd-Te  system 
showed  that  single- phase  specimens  of  compositions  in  the  to  M2X^  range  can  be 

prepared  directly  in  the  granular  form  by  the  vapor- solid  reaction  ^t  temperatures 
900  C.  The  compositions  corresponding  to  the  monotelluride ,  however,  are  not  con¬ 
verted  to  the  compounds  by  similar  treatment;  in  these  cases,  the  particles  are  ob¬ 
served  to  consist  of  unreacted  centers  of  gadolinium  metal  covered  with  surface  layers 
of  a  phase  having  the  (M3X4-M2X3)  structure.  Conversion  to  the  monotelluride  was 
observed  to  have  occurred  only  after  the  material  had  been  subjected  to  higher  tempera¬ 
tures  {5"  1  300  C).  This  usually  was  accomplished  in  the  course  of  the  subsequent  melting 
ot  the  granular  materials.  Hence,  no  attempt  was  made  to  determine  the  low- 
temperature  limit  for  the  transition. 

The  solid-vapor  reaction  also  has  been  used  for  the  preparation  of  rare-earth 
bisrnuthides,  antimonides,  arsenides,  phosphides,  and  nitrides,  in  granular  form, 
as  indicated  in  Table  2.  The  reactions  between  the  rare-earth  metals  in  finely  divided 
form  and  the  elemental  vapors  of  the  metalloids,  bismuth,  antimony,  arsenic,  and 
phosphorus,  seemed  to  proceed  at  reasonable  rates  to  form  the  1:1  compounds  having 
the  fee,  NaCl-type  structure.  To  prepare  the  nitride,  however,  it  was  necessary  that 
a  nitrogen  compound  (ammonia)  be  used  as  a  source  of  reactive  nitrogen. 

The  various  reactions  also  were  attempted  using  bulk  specimens  of  the  rare-earth 
metals  rather  than  the  small  particles  (filings).  Since  only  thin  surface  layers  of  the 
majority  of  the  compounds  (specifically,  the  selenides,  tellurides,  antimonides,  and 
phosphides)  were  formed,  the  results  suggested  that,  in  most  cases,  the  reaction  rates 
may  be  limited  by  the  rates  of  diffusion  of  the  metalloid  species  through  the  initially 
formed  layers  of  the  product  compounds.  An  exception  to  this  was  encountered  in  the 
arsenides.  It  was  possible  to  prepare  bulk  specimens  of  the  arsenides  (e#  g.  ,  YAs, 
GdAs,  NdAs)  by  diffusing  arsenic  into  sizable  solid  specimens  of  the  rare-earth  metals 
at  moderate  temperatures.  To  illustrate,  arsenic  (vapor  at  1  atmosphere  of  pressure) 
diffused  into  and  reacted  with  solid  neodymium  metal  at  1100  C  so  rapidly  that  the  com¬ 
pound  which  formed  spalled  off  and  the  solid  disintegrated.  At  750  C  and  with  arsenic 
vapor  pressure  at  0.02  atmosphere,  however,  the  reaction  rate  was  lower  and  solid 
specimens  of  NdAs  were  obtained. 
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TABJLE  1.  TYPICAL  CONDITIONS  FOR  PREPARATION  OF 
COMPOUNDS  BY  THE  SOUD- VAPOR  REACTION 


Synthetic 

Composition 

Reaction 

Temperature, 

C 

Time, 

hours 

Nd3Te3 

Z5-800 

4 

800 

156 

Nd3Te4, 

Z5-700 

4 

Gd2Te3 

700 

12 

800 

144 

Nd3Se4 

25-550 

2 

350 

10 

400 

17 

450 

74 

Nd^Se^ 

25-300 

6 

300 

12 

350 

4 

400 

5 

450 

14 

NdSb 

25-600 

14 

600 

123 

NdAs, 

25-500 

a 

SmAs 

500 

15 

600 

20 

680 

20 

NdP 

25-900^®> 

24 

900 

32 

1050 

72 

NdN 

1000^^^ 

125 

(a)  Pressure  of  phospliorus  vap-jr  htW  at  atm  by  use  of  two-furnace  technique, 
(bj  Vapor  pliasc  -  anhydrous  NH3. 


Vapor- Liquid  Reactions 


A  number  of  compounds  have  been  prepared  by  reacting  vapor  of  the  Croup  V  or 
Group  VI  species  with  the  molten  rare*earth  metal*  These  reactions  are  carried  out 
in  evacuated)  sealed  quarts  or  Vycor  tubes*  Induction  heating  is  used  to  melt  the  rare- 
earth  metal,  which  is  placed  in  a  boat  (container  materials  are  discussed  later  in  this 
section)  Within  the  sealed  quttrt^  eiiVelojTe,  The  remainder  ol  the  quarts  envelope  is 
iieated,  usually  with  electric  furnace s,  so  as  to  create  and  maintain  a  suitable  concen¬ 
tration  of  vapor  of  the  Group  V  or  Group  VI  species. 

The  vapor- liquid  reaction  has  been  carried  out  in  two  different  ways^  both  of 
which  yield  bulk  specimens  of  the  compo^mds.  In  both  of  the  methods,  an  excess  of  the 
Group  V  or  Group  VI  species  is  used,  and  vapor  pressure  of  this  component  is  con¬ 
trolled  by  controlling  ininirnuin  temperature  of  the  condensed  excess.  In  the  first, 
the  ingot  of  rare-earth  metal  is  melted  and  maintained  at  a  temperature  just  above  its 
melting  point.  Minimum  temperature  of  the  quartz  envelope  is  then  gradually  increased 
so  as  to  slowly  increase  concentration  of  the  vapor  of  the  Group  V  or  Group  VI  species. 
As  concentration  of  the  vapor  is  increased,  the  compound  crystallizes  first  in  the  cooler 
regions  of  the  inductively  heated  melt  and,  under  proper  conditions,  the  solid-liquid 
interface  progresses  gradually  toward  the  high- temperature  regions  (Ref.  Z).  In  the 
second  method,  the  ingot  of  r  ire-earth  metal  Is  melted  and  maintained  at  a  temperarure 
just  above  the  melting  point  of  the  compound  being  synthesized.  Pressure  of  the  vapor 
of  the  Group  V  or  Group  VI  species  is  then  made  equal  to  decomposition  pressure  of  the 
compound  {at  its  melting  point)  by  raising  the  minimum  temperature  of  the  quartz 
envelope  to  a  suitable  value.  Progressive  c ry  stallization  of  the  compound  is  accom¬ 
plished  by  withdrawing  the  (molten)  ingot  laterally  from  the  induction  coil. 

In  carrying  out  the  vapor-liquid  reactions,  a  container  problem  has  been  en¬ 
countered.  VVhcreas  t.mtalum  apparently  is  a  satisfactory  container  for  simple  melting 
of  the  compounds,  the  tantalum  boats  are  severely  attacked  during  prolonged  pieriods  of 
exposure  to  selenium,  tellurium,  or  antimony  vapor.  Graphite  containers,  which  are 
not  noticeably  attacked  by  Group  V  or  Group  VI  vapors  or  by  the  molten  compounds,  are 
attacked  by  the  molten  rare-earth  metals.  In  the  course  of  the  work,  a  number  of  con¬ 
tainer  materials  ha\o  been  investigated.  A  listing  of  these  materials  and  observations 
as  to  their  short  omings  are  given  in  Table  3.  There  has  been  no  visual  evidence  of 
reaction  between  magnesia  containers  and  the  melts  of  the  rare-earth  metals  or  com¬ 
pounds.  However,  some  difficulty  has  l>een  experienced  with  regard  to  fracturing  of  the 
containers.  It  appears  that  this  can  be  eliminated  by  avoiding  thermal-shock  stresses* 


Growth  From  a  Melt 


In  efforts  to  develop  methods  for  crystallizing  sound  bulk  specimens  and,  ulti¬ 
mately,  for  growth  of  single  crystals  of  these  high-melting  materials,  a  number  of 
methods  have  been  investigated.  The  basic  methods,  involving  growth  from  a  melt, 
include  the  vertical  Bridgman  method,  button  casting,  zone  melting,  and  czochralski  or 
’’crystal- pulling”  methods. 

Ingots  cast  by  the  Bridgman  methoc  almost  invariably  contained  voids,  presumably 
resulting  from  the  entrapment  of  pockets  of  forei  \n  gases  or  metalloid  vapor  in  the 
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TABLE  3.  EVALUATIO:'.  OJr  LAL\ER  f  EKLAEij 

FOR  COMPCUKD  .TYMUEiiLS 


Contaiiici'  Material 

Obse  rval  ion 

Graphtti’ 

Attacked  by  molten  rare-earth  metal; 
appears  to  be  ^atislactury  for  short¬ 
term  use  V.  ith  molten  cuinpoands 

I'a  nt<iluin 

Attacked  b/  vapL)r  ut  Group  V  or 

Group  VI  elements;  appears  to  be 
satisfact<vry  for  short-term  use  \villi 
com  pour*  ds 

Alumina 

Attacked  molten  rare-earth  metals; 

subject  to  fracture  by  thermal- shock 
stresses 

Boron  nitride 

Attacked  by  molten  rare-e-arth  metals; 
hydrulyieb  slightly  in  normal 
atuiospiie  re 

T  it  it  ni  uni  di  bo  ride 

Attacked  by  molten  rare-v'arth  metals 

Magnesia 

No  evidence  of  attack  by  molten  rare- 
earth  metals,  vapor  of  Group  V  or 
Group  VI  elements,  or  molten  com- 
pounds;  molten  compounds  diffvise 
through  ceramic  sections;  subject  to 
fracltire  the rrnal- shock  stresses 

Improvement  in  both  respects  was  expected  for  button-cast  specimens  because 
of  the  large  exposed  surface  area,  which  should  favor  expulsion  of  gases,  and  lack  of  a 
const rauuniS  conlaine r  wail ,  which  should  nunimize  compressive  stresses.  However, 
spt^cinu'ns  which  \Kt-re  cast  in  this  way  contained  numerous  voids  and  were  fractured 
throughout.  The  poor  results  are  believed  to  be  due  to  extremely  steep  thermal 
gradients  which  w^ere  present  under  the  experimental  conditions  prevailing. 

Zone  melting  in  an  open  boat  did  not  yield  good  specimens.  Again,  the  extremely 
steep  thermal  gradients  ^veioped  appeared  to  have  a  detrimental  effect.  Although 
graphite  has  appeared  to  be  satisfactory  as  a  container  material  in  short-term  use, 
appreciable  reaction  is  observed  between  the  graphite  and  the  melt  in  the  long-term 
zone -melting  runs.  Ingots  which  were  zone  melted  in  graphite  were  bonded  to  the  con- 
ta liter  and  were  fractured  throughout,  presumably  because  of  the  difference  in  thermal 
expansion  of  the  two  materials. 

in  initial  attempts  to  zone  melt  in  tantalum  beats,  one  difficulty  was  encountered, 
in  the  molten  state,  the  materials  ‘’wet**  the  tantalum  and  *'creep**  up  over  the  side  of 
tiu  boat,  leaving  only  a  thin  layer  of  sample  in  the  boat.  One  solution  to  this  problem 
hes  in  the  use  of  a  tabular  container. 

A  tubular  container  has  been  used  for  the  zone  melting  and  zone  crystallization 
as  shown  in  Figure  1.  The  melting  and  crystallization  are  done  in  a  tantalum  ’^test 
tube”  which  is  placed  within  a  long  tubular  susceptor.  The  apparatus  is  set  up  so  that 
the  longitudinal  axis  of  the  test  tube  is  tilted  from  the  horizontal.  Directional  crystalli¬ 
zation  IS  caused  to  occur  by  moving  the  container  slowly  through  the  rf  coil.  Direct  in¬ 
duction  heating  oi  the  tantalum  test  tube  is  possible,  but  better  results  have  been  ob¬ 
tained  when  a  tubular  susceptor  was  used  as  shown. 

This  relatively  simple  setup  is  seen  to  have  several  advantages.  The  crystalli¬ 
zation  process  can  be  observed  directly  tbi  ^ugh  the  viewport  in  the  end  of  the  tube. 
Crystallization  can  be  initiated  in  the  small  'tip”  which  is  formed  at  the  shallow  end  of 
the  melt.  Such  a  procedure  promotes  growth  of  single,  or  it>rge,  crystals.  No  signi¬ 
ficant  compressive  stresses,  which  cause  fracturii.^,  are  imposed  on  the  ingot  by  the 
container  if  melt  level  is  kept  below  the  midplane  of  i,  e  tube.  Usually  no  difficulty  is 
experienced  in  r-? moving  the  ingot  from  the  container  fv  *wing  the  run. 

Crystallization  by  the  simple  technique  described  consistently  yielded  sound 
ingots  of  a  number  of  rare-earth  material.^,  some  of  which  Vv^erc  single  crystals  and 
most  of  which  contained  relatively  large  crystals*  Voids  and  fractures  have  been 
virtually  eliminated.  The  combination  of  the  large  exposed  surface  area  and  a  favor¬ 
able  thermal  pattern  is  apparently  conducive  to  evolution  of  the  gases  (or  vapors)  which 
caused  voids  to  form  when  other  techniques  were  employed. 

The  melting  points  of  the  samarium  and  ytterbium  monoselenides  and  monotei- 
iurides  are  high,  ca.  2000  C*  At  these  temperatures  the  materials  ”wet”  the  tantalum 
containers,  and  thin  sections,  such  as  are  obtained  from  the  tilted-tube  zone  melting 
procedure  fracture  on  cooling.  However,  the  slow  cooling  of  melts  contained  in  upright 
3-inch-high  tantalum  crucibles  has  yielded  a  number  of  ingots  which  contain  large 
single-cyrstai  sections.  The  melting  is  done  in  argon  using  a  4-inch-long,  10-turn 
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FIGURE  J.  SCHEM  ATIC  OF  APPARATUS  FOR  ZONE  MEETING 


|»olnt  'by  grm4ual  redaction  of  output  of  the  H  generator.  Typical  rate#  of  decrease 
were  20  C  per  minute  in  the  range  >2000  to  *^>1 000  C.  Singte<*cryatal  epecimena,  each 
as  thoee  shown  in  Figure  2  which  are  large  enou^j^  for  uae  in  etectricsd' property 
studies,  can  be  cleaved  from  the  Ingots.  Table  4  shows  the  melting*^ temperature  ranges 
applicable  to  the  growth  of  sound  specimens  of  various  rare'^earth  compounds  and  alloys 
from  the  melt. 
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FIGURE  2.  SINGLE- CRYSTAL  SPECIMENS  CLEAVED 
FROM  INGOT  OF  MELT-GROWN  SmSe 


Crystal- pulling  experiments  were  carried  out  on  gadolinium  and  neodymium 
tellurides  in  both  a  ''standard**  Czochralski  and  a  sealed  Grexmnelmaier-type  magnetic 
crystal  pruller.  Runs  were  made  in  argon,  helium,  and  tellurium  vapor  atmospheres. 
The  melts,  which  were  corttairaed  in  tantalum  crucibles,  were  heated  inductively.  Seed 
rods  were  of  tantalum  or  graphite. 

The  experiments  failed  to  yield  sound,  coherent  ingot 8«  In  all  experiments, 
heavy  deposits  which  formed  on  the  crystal  puller  wall  seriously  hampered  the  work; 
this  was  moat  severe  in  the  attempted  pull  of  Gd2Te3  in  tellurium  vapor*  In  the  case  of 
the  Gd-Te  compounds,  a  crust  which  interfered  with  the  crystal- growth  process  formed 
on  the  surface  of  the  melt.  This  crust  appeared  to  be  formed  of  loosely  bonded  parti¬ 
cles  of  materials  or  phases  which  were  higher  melting  than  the  main  portion  of  the 
chaxge«  Loss  of  tellurium  from  the  surface  layers  or  the  presence  of  high  concentra¬ 
tions  of  impurities  could  account  for  the  crust  formation.  In  view  of  the  generally  dis¬ 
couraging  results  of  the  experiments,  no  analyses  were  made  to  check  this. 

In  experiments  with  the  Nd-Te  compounds,  ''clean"  melt  surfaces  were  obtained, 
and  it  was  possible  to  crystallize  short,  irregularly  shaped  ingots.  However,  in  both 
systems  (Gd-Te  and  Nd-Te^,  the  material  seemed  to  melt  and  freeze  over  a  range  of 
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rAKl.E  4.  MELTSKCJ-TEXiPERA  S  L'R.E  RANG 
.,AJ.LOVi> 


Comp  ,' sit  ion  WTR^^>,  C  Canipositiuu 

GdTc  1840-  IVOO  Cc  i  v 

r.d3.Tt-4  -UiO  CeTcj^4 

Gdrej^  I  HOO- Ut50 

Gdrei]^^  1400-1480  Ct-^Te^ 

Gd^Tcj  1500-1410  Vbti' 

GdSe  1860-186:? 

Gd^Sc^  i50Q-It>20 

Gdijt^  ^  15l0-i680  Ct'St:  |  ^ 

1540-ld30  Ce ^Se ^ 

YbSe  '  1940-1430  cAe/ 

GdAs  ZOO  ErAs 

NdTo  Z020-Z070  Ci^  >  -T<-^ 
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ti*inj»e  rdturt^s'*  rather  than  at  a  discrete  melting  paint.  As  a  result,  large  portions  of 
ILl:  U  rtni  Irequenliy  remeited  and  dropped  av^ay  from  the  ingot  back  into  the 

muil,  t>i'CdUbe  ui  this*  nu  sizable  ingots  or  crystals  were  obtained.  Deviations  from  a 

This  liiflhou  <ji  crystal  growth  hnaliy  "Was  abandoned. 


Growth.  By  Vapor  Deposition 


Exjiernnents  the  low -* tempo rature  vapor-phase  growth  of  crystals  of  Gd^Te^ 
azdl  NdiTi'^  iutve  been  moderately  successful.  Sizable  crystals  of  GdTe^  and  small 
iivt  dlelike  crystals  of  Gd^Te^  of  good  physical  quality  have  been  prepared  by  the  vapor 

:i-r 


In  lee  va pu r- g r ow  t h  work,  the  sealed- system  method  has  been  utilized.  Speci- 
fi£i  Its  (4  rait  -earth  tciluride  plus  a  small  quantity  of  elemental  halogen  (I2)  or  a  source 
of  lwjh>iieri  (e.  g.  ,  NH^l,  KII^Cl)  were  sealed  in  evacuated  quartz  tubes.  Alternatively, 
i  it  Hu  nts  Hi  thi'  proper  proportions  to  yield  rare-earth  tellurides  were  used  as  starting 
materials,  Tne  majority  of  the  experirtients  to  be  discussed  were  of  this  type.  In  these 
cMse^,  the  standard  procedure  for  low**tempe rature  vapor- solid  reactions  was  used  to 
form  tiic  compound  prior  to  the  vapor- growth  run.  Two  bases  were  used  for  addition 
.if  Jiu-  ivilugen:  clirifye^  were  made  up  to  correspond  to  initial  compositions  of  the  types 
(i)  X  1^1.2X03  +  y  REX  3,  or  (Z)  x  RE2Te3  +  y  As  is  indicated  in  Table  5,  various 

V.  wi'.cent  rations  of  halogen,  corresponding  to  those  required  for  reaction  with  1  to  ZO 
riionoc  per  cent  of  the  rare-earth  metal  present  to  form  REX3^  were  used  in  both  types 
oi  ,fdditions.  Vkipor  growth  was  carried  out  by  placing  the  sample  tube  in  a  tempera¬ 
ture  gradient.  Maximum  temperature  w^as  varied  between  8Z0  and  1045  C,  Minimum 
temperature  was  vaned  between  '-ZOO  and  910  C.  Vapor-growth  time  ranged  from  39  to 
Z^H  hciurs,  and  botii  hc'rizontal  and  vertical  systems  were  used.  In  the  vertical  furnace, 
a  t<  rnpt'raturc-  inversion  was  u^ed,  i.e,  ,  the  higher  temperature  was  at  the  bottom  and 
tfu*  lower  ttonpe  rat u re  at  the  top  of  the  tube. 

Small  acicular  crystals  of  the  Gd^Te^  phase,  ^0.  5  mm  across  and  up  to  5-mm 
long,  were  grown  by  use  of  charges  containing  low'  concentrations  of  halogen  (i.e.  ,  on 
the  basis  of  Gdl  3  formation,  equivalent  to  ^  5  atomic  per  cent  of  the  gadolinium  nietai 
present),  as  is  indicated  in  the  data  for  Experiments  37,  56,  39  {Table  5).  Although  the 
crystals  were  small,  results  oi  X-ray  diffraction  analyses  indicated  that  they  were  of 
good  physical  quality.  Single- crystal  X-ray  diffraction  patterns  obtained  wuth  them  were 
much  sharper  than  those  previously  obtained  with  material  crystallized  from  tiie  melt. 

As  a  result,  it  v^as  possible  to  index  structure  of  the  Gd2Te3  phase  (orthorhombic  with 
unit  ceil  constants  a  =  1  i .  83  A,  b  =  IZ,  01  A,  c  =  4.  Z8  A).  The  c-axis  was  found  to  be 
parallel  to  the  needle  axis  in  the  v'apor-growm  crystals. 

Fairly  large  platelets  of  GdTe^,  up  to  -  5  mm  by  5  mm  by  3  mm  thick  as  shown  in 
f  igure  3,  wt're  grown  by  use  of  charges  contaiiung  higher  concentrations  of  halogen 
(j.  e.  ,  on  the  basis  of  Gdi^  formation  equivalent  to  >  5  atomic  per  cent  of  the  gaoolinum 
metal  present;  see  Experiments  56,  57,  41  in  Table  5).  Physical  quality  of  these 
cryst<ti.'^  also  appeared  to  be  good.  Several  of  the  crystals  were  large  enough  to  yield 
'Single- c  ry  stal  Hall  specimens.  Comparison  of  results  of  electrical  measurements  on 

‘  ?  .  ,iH.r  ‘■i”  li.ir  ii‘  L  .M  <’t  ir  pills.  jns.!Ji-  w:  is  \  ari'  Said  to  }ka\c  a  '  iun**ihort'  range. 
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melt-grown  and  yappr-^rowii  i  3  iti  section  on  ^^Electrical  Properties" 

indicates  that  the  latter  material  is  of  better  quality  also*  Measurable  Hall  effect  and 
carrier  mobility  were  observed  pj 


FIGURE  3,  VAPOR-GROW  N  SINGLE  CRYSTALS 
OF  GdTe^ 

Significant  rateii  of  crystal  growth  were  obtained  in  vertical,  but  not  in  horizontal 
systems,  presumably  because  conditions  are  more  favorable  for  convection  currents 
(and  material  transport  therein)  in  the  former  case.  Run  times  in  excess  of  ZOO  hours 
were  required  to  obtain  significant  amounts  of  crystal  grow^th.  When  excess  iodine  was 
added,  as  in  the  first  group  of  experiments  in  Table  5,  appreciable  concentrations  of 
free  tellurium  were  present  (e.g.  ,  312  +  Gd2Te3^  ZGdIi  +  3/2  Te  )  and  the  higher 
tellurides,  GdTe2  and  GdTe^,  tended  to  form  readily.  For  example,  high  tone  c  nt rai ions 
of  GdTe4,  which  is  bronze  colored  and  therefore  readily  identified,  were  present  in  the 
feed  stocks  of  Experiments  46  and  54  following  the  runs.  No  appreciable  vapor  trans¬ 
port  was  obtained  in  cases  in  which  aminonium  halides  were  used. 

Appearance  and  characteristics  of  the  residual  feed  stocks,  particularly  for 
charges  containing  the  higher  concentrations  of  halide  or  halogen,  suggested  that  halide 
telluride  solid  solutions  may  have  formed  gradually,  thus  reducing  activity  of  the  lialide 
and  hence  its  effectiveness  as  a  vapor-transport  agent.  Homogeneous-appearing,  soft, 
brown  crystalline  masses  (in  contrast  to  the  hard,  metallic  gray  or  black  of  the  Gd2Te3 
and  GdTe^  phases)  formed,  which,  when  heated  strongly  with  a  torch  in  vacuum,  disso¬ 
ciated  into  (clear)  Gdl^  and  dark  (Gd-Te)  phases. 

Although  the  data  presented  in  Table  b  do  not  clearly  so  indicate,  best  results 
were  obtained  with  charges  of  p  re  synthesized  compound  and  with  the  lower  concen¬ 
trations  of  halogen. 
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i‘ht:  ap|jt-ar6  |o  ri  iiiaiu  i  jo.*  the  preparation  oi  poiy  stritisuicb 

ihr  pn.  pa  rat  ion  ol  otiier  cornpouiid^  may  *ioi  bi  pi  act*  cal. 

Gr<>>\th  i-j-u*  •Solatiru'. 


Expioralur^  4jxpci  iiui  lil  13  on  Ui«;  mi  crys'trfls  ot  the  sesqiute Uuride s  ironi 

^vlaliw*  >v,i'e  c*t.i iTii-ii  uu.i-.vw U.U  /l  iit:  tcnuria«^  lound  to  b**  soitrbie  in  the 

AiAi)dri}xx6  haiid»;*,  GdCl3  and  Gdl3,  wnich  w.-rt-  svUciedas  hoivents.  Ho'.vever, 

Cl*)  :3lult)  cX  tlic  i»c i quite iiui i.<wk;i>  vvcrc  nul  iioiii  i^uen  soiutiona. 

in  II. e  iiiiliai  A  plora  t  t*x  \  xpe  1*  nii^-*]it  .  ci  .spt'CiMUMi  oiGci^^'e^  \\as  placed  in  a  qaan** 
til^  ui  cstih)Uroub  Cidid^  (n»eltinu  point.  C)*  1  ric  temperature  v.as  raised  to  eltect 

7^y}\-ai\ i)i\ ^  tl'.cii  was  !•  *  •.  red  until  i  ecr^  ^iialii^a lioii  ui^currcd.  As  the  t enipt*  ratur«.  wab  iii.- 
creased  (to  Voh  tne  Gd^Tc^  dis6ui\  cd  and  tf  ihirium  vapor  appeared  in  the  fri^e  space 
ciLovo  me  melt  in  the  sealed  quartz  lube.  A:=  the  solution  was  cooled,  v^ery  small  dark, 
needlciike  crystals  were  precipitated.  These  were  found  by  X-ray  analysis  to  be 
erjSials  oi  tiie  CddTe  /  phase.  Since  the  leiiipe  ratal  e- composition  studios  had  shown 

KTuiaiioii  ol  tliC  de  ;3ired  Gd  >  1\' w«_-.id  be  favored  by  use  of  iiigher  tempera 
T  oaa.  Gnl^  (li. elting  point.  C)  Wiis  ij;?eci  es  1  hi*  Sv^ivent  in  subsequent  expo rimont 

Experiiiients  with  Gdl3  as  the  solv’ont  were  run  in  both  horizoi.tal  and  vc  rtical 
.systems.  A  soiulion  of  Zo  rnoie  per  cent  Gd^l’e'^  in  Gdl^  w^is  directionally  frozen  at  a 
linear  rate  1/4  inch  per  iioar  ir.  a  hoiunontal  quartz  tube.  A  .'“olution  of  30  mole  per 
t‘ent  C'icl/Tt  ^  in  Gdl was  crystallized  l^y  a  i^ridgnuiii  dr<ap  (vertical)  at  a  rate  of  1/16 
incii  per  iu»ur.  hnuii  experiments  yielded  smolar  i^oly  cry  stalline  ingots  which,  by 
iiardreo^s  checks,  .  >./«.ared  to  be-  uniforjn  along  their  length,  indicating  that  little  or  no 
precipitation  or  '^egi  gation  of  Gd  i.ad  occurred.  Ti^.e  materials,  simGar  in 

appearance  tiie  n  Sidual  feed  slocks  lr^)ni  vapor- grov\  th  experiments,  again  suggest 
liia  t  t  ill  ride  -  iiaiide  solid  solati^ns  probtibi\  were  formed. 


STRUCTURE  AND  PliASE  REi^ATlQNSHIPS 

in  the  cour.se  of  studies  directed  tow  til'd  undt*  r  standing  and  control  of  the  e^^'ctncal 
properties  ol  rare-earth  compounds,  sonu  study  has  been  made  of  cry-stailine  piiases 
and  phase-tcinperature-coinpusiiiDn  n  iat  .uuiiSie  p^  in  the  systems  involved  In  order  to 
disce rn  n'lDre  ger^er^ti  relationships  aniOJiL  th'.  coni-pus itiuns ,  c ry stai”  st ructurc  data, 
and  elect  ri  cal  properties,  literature  daiu  ieivt  been  considered  as  well. 

Data  obtaineil  in  tiie  course  oi  t.u  v  urk  (;>unje  oi  which  are  presented  in  Figurc-s  *1 
and  5)  indicate  that  tlicre  are  typically  at  iea.rh  lour  crystalline  phases  in  the  binary 
systenis  containin':^  a  (iroup  VI  iTement  such  ti  s  seleiaUin  or  telluriam*  Inese  are: 

(i)  a  higli-ineiting  MX  compuiund,  (Z)  ai.  M3X.4-M^X^  phase  which  pervsists  through  The 
conqiosiiinn  range  indicafe?!,  and  {3  and  4)  ht*verui  compounds  containing  higher  cuijcen^ 
tratic^ns  of  nu-talioid,  ^ac\i  as  Gd  Te^  ar=d  Gd  i  e^. 


I "» 


tellurium 

Composition 


FIGURE  5.  DATA  FOR  THE  Nd-Te  SYSTEM 


IV  ■a'lw-.vitoi' 


iAiificired  w  Iks  ihtf  highest-^meiting  phase  in  the  system.  The  data  on  the  Gd’^Te  system 
(I-  igure  4)  indicate  that  a  phase  boundary,  extending  from  Gd  to  Gd3Te4  may  exist  at  a 
temperature  between  800  and  1000  C;  its  exact  location  on  the  temperature  scale  has 
not  been  determined.  However,  it  has  been  noted  that  if  a  powdered  mixture  of  equi- 
atomic  proportions  of  gadolinium  and  tellurium  is  held  at  800  C,  two  phases,  gadolinium 
and  tiic  Gd^Te^  phase,  are  termed  which  persist  even  alter  several  hundred  hours  at 
tempo raturc.  On  the  other  hand,  in  less  than  6  hours  at  1300  C,  reaction  is  complete 
and  single-phase  GdTe  powder  is  obtained.  It  is  believed  that  this  type  of  behavior  is 
general  and  that  high-tempe rature  treatment  is  necessary  in  the  preparation  of  the  rare* 
eciTth  rnonoselenide s  and  monolelluride s. 


Monoselenide s  and  Monoteliurides 


The  monoseienides  and  monoteliurides  (MX)  crystallize  in  the  face-centered 
cubic,  NaCl-type  structure  with  cell  sizes  as  indicated  in  Figure  6.  The  open  data 
points  are  from  Reference  3»  The  relatively  large  unit  ceil  sizes  for  the  samarium 
and  ytterbium  compounds  indicate  that,  in  these  compounds,  the  divalent  ions  of  the 
rare-earth  metals  dominate.  A  similar  situation  would  be  expected  for  the  europium 
compound,  since  europium  also  exhibits  a  high  stability  in  the  +2  state,  while  the 
bniailer  cell  parameters  for  NdTe,  GdSe,  and  GdTe  suggest  that  the  rare-earth 
elements  are  present  essentially  as  the  +3  ion  in  these  latter  compounds. 

In  Figure  7,  cell-size  data,  which  are  plotted  for  several  sets  of  alloys  of  rare- 
earth  nionoselenides,  show  that  cell  size  does  not  deviate  significantly  from  Vegaard^s 
law  in  the  cornposition  ranges  studied.  In  the  SmSe-NdSe  system,  in  which  both  com¬ 
pounds  exhibit  n-type  electrical  conduction,  the  cell  size  is  seen  to  change  gradually 
from  the  high  value  for  the  samarium  compound  to  the  low  value  for  the  neodymium 
compound.  In  the  YbSc-XdSe  system  the  trend  is  seen  to  be  similar;  however,  the 
effect  of  the  lanthanide  contraction  in  going  from  SmSe  to  YbSe  also  is  apparent  in  the 
graphical  data,  and  the  range  of  cell  sizes  is  much  less  in  the  latter  system.  (The 
electrical  properties  mentioned  in  this  paragraph  are  discussed  in  greater  detail  in  a 
subsequent  section. ) 


M3X4-M2X3  Phases 


The  electrical  properties  most  nearly  resembling  those  of  typical  semiconductors 
were  observed  for  compositions  in  the  range  M3X4-M2X3,  where  M  is  a  rare-earth 
element  which  normally  exhibits  a  tripositive  oxidation  state,  and  X  is  selenium  or 
tellurium.  Consequently ,  some  study  was  made  of  these  materials  to  develop  some 
measure  of  unde rstanding  of  the  interrelation  between  their  physical  and  chemical 
properties. 
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FIGURE  6.  CELL  SIZES  FOR  RARE-EARTH  MONOTELLURIDES  AND  MONOSELENIDES 
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figure  7. 
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The  body “cehte red  cubic,  Th3p4*type  CD?^)  ^^tructure  has  usually  been  ob&trwd 
tu  prevail  across  the  M3X4*M^X5  composiiia£»  raisge  in  the  subject  systems  in  which 
M  IS  a  rare-earth  element  and  X  is  sulfur^  selenium,  or  tellurium.  Available  data  on 
lattice  constants  for  these  compositions  are  presented  in  Table  b, 

if  t  is  sissumeU  Chat  all  iiietai^’inetaiioio  bond  a  are  ec|uivaiein  ixi  the  crystals  oi 
the  rare*earth  compeunds,  metal-mctalioid  and  meiailoid-* metalloid  internuclear 
distances  can  be  calculated  froiu  the  lattice,  constants*  The&e  dat are  m 

Table  7. 

A  first  indication  of  tne  nature  ot  tjse  chemical  bonding  in  the  subject  crystalline 
pfittiscs  can  be  obtained  by  comparing  liic  suiiiS  uf  the  ionic  and  covalefit  radii  of  the 
appropriate  elements  with  the  observed  intenmclear  spacings  (Table  6).  It  is  appareju 
from  such  a  comparison  that,  even  though  some  uncertainty  may  exist  concerning  the 
radius  values  and  further  uncertainty  ma>  result  from  the  assumption  of  equivalent 
bonds  (Ref.  9)  the  bonding  must  be  neither  purely  ionic  nor  purely  covalent.  Speciticailv 
it  can  be  noted  that  the  metal" plus" metalloid  radius  sums  are  less  than  the  observed 
internuciear  distances  in  all  compositions  fur  both  the  ionic  and  covalent  cases.  It  is 
probable  then  that  the  cell  sizes  are  determined  by  the  anion-anion  internuciear 
distances.  From  the  radius  data  for  the  metalloids  it  appears  that,  if  the  bonding  \vt:rc 
purely  covalent,  the  cell  dimensions  would  be  smaller  than  observed.  On  the  other 
hand,  il  the  bonding  were  purely  ionic,  the  unit  cells  would  be  larger  than  observed,  as 
can  be  seen  from  the  data  given.  One  is  then  led  to  the  conclusion  that  the  chemical 
bonding  in  the  materials  is  partially  ionic  and  partiailv’  covalent  in  character.  Pre¬ 
viously  reported  (Refs.  3,9,  10)  observations  on  structures  of  individual  compounds 
in  these  systems  and  on  transport  properties  are  consistent  with  this  conclusion. 

An  estimate  of  the  covalent  contribution  to  the  bonding  can  be  obtained  in  the 
following  Way.  It  is  assumed  that  (I)  am  on- anion  contacts  prevail  in  the  crystals, 

(Z)  ail  metal-iTietalioid  bonds  are  equivalent  ^  and  (3)  the  degree  of  covalent  (or  ionic) 
character  of  the  b^>nd  varies  linearly  with  the  apparent  radius  of  the  metalloid  between 
lKc  ionic  and  covalent  values.  The  apparent  radius  of  the  metalloid  element  in  the 
crystal  is  then  just  half  of  the  i  letailoid-metalloid  internuciear  distance  calculated  from 
the  cell  constant.  The  covalent  contribution  to  the  bonding  can  be  calculated  from  the 
apparent  radius  values,  which  are  given  in  Table  7,  by  utilizing  the  relationship: 

rrf  (^x  ion  “  r  >  a,>}j)x  100 

fo  cov  ^  — - UL- - - 

r  ■  —  r 

X  ion  X  cov 

in  which  lon.  cov.>  app  ionic,  covalent,  and  apparent  metalloid 

radii,  respectively.  The  absolute  values  of  the  covalent  contributions,  so  obtained,  \\ili 
depend  upon  the  radius  values  used.  Since  the  tetrahedral  covalent  radh  of  the  metalloid 
elements  were  employed,  the  estimates  of  the  covalent  contributions  given  here 
(Table  7)  are  tliougiit  to  represent  lower  limits.  It  is  probable  that  the  octahedral 
covalent  radii  of  the  metalloids  (which  must  be  considered  since  CN  =  6  for  the  irietalloid 
elements  in  the  Th3P4-type  structure)  will  be  somewhat  greater  than  the  tetrahedral 
radii  for  the  respective  elements.  For  example,  in  selenium  it  is  likely  that  the  4d 
orbitals  may  be  utilized  in  the  octahedral  (covalent)  bonds,  thus  increasing  apparent 
radms  of  the^ietalloid.  it  has,  m  fact,  been  noted  (Ref.  8)  that  the  octahedral  radii  uf 
Sr  and  Te  are  per  cent  greater  than  the  tetrahedral  radii  of  the  respective 
elements.  (Ref.  8). 
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TABU  6.  c:8YSTAL-^tl?UCTU«?£  OAIA  03^  M3X4.  COMa>SjTiD!>SS 
(BCX,  Th/^  T>pc) 


t;=>0'ip.-'>Uiv;u 

M- 

X  l>£5Laa^c. 

A 

X-X  A 

Obserseu 

(C-,  3  Pj 

Calculated 

luuic  Cuvjii.44i 

Obitfved 
^0. 3  7  0 

CAlA;«laig4 

t  ^  Cc»v3iefn 

i  J35^ 

3 

3.02] 

2 .  4U 

2.73 

3.274 

3,68  2.08 

3 

2.  J8  5 

2.  87 

2.64 

3.334 

».  V  ♦  1 

3 

2.  03 

2,  r5 

...0  + 

3.222 

\U3S>4 

5.  0^4 

3 

2.  J  5  '3 

2, 84 

2.68 

3.  m 

S'l'jSj 

8, 

3 

2.3C1 

2.  80 

2.70 

3.  209 

E.i;jS4 

r  . 

3 

2-  i;54 

2.  74 

2.84 

3.  202 

La-.^3 

S.Td': 

3 

3.013 

2.40 

2.73 

3.  272 

<'-Oj 

3 

2, 

2 .  r  7 

b.> 

3.  d36 

i’-'O.! 

-.■>*;3 

J 

2.  *74 

2.  ?’■> 

,2.6  + 

3.222 

•''ij'-a 

? .  >  _  i 

3 

2.  #51 

2.  54 

2,68 

3. 147 

>.ii-jS3 

5.44? 

3 

2aC^23 

2.80 

2.70 

3. 16T 

5,41'^ 

3 

2.412 

2.  74 

2,84 

3.  156 

ud 

3 

2.302 

2.78 

2.65 

3.  145 

0>vS3 

5.  L  4  J 

3 

2.364 

2.  75 

2.63 

3.  iio 

4.  04 S 

3 

3. 135 

3.04 

2.  S3 

3. 335 

3.46  2.28 

Ce3Se4 

8.  >7-3 

3 

3.104 

3.01 

2.74 

3.386 

H,  *j: 

3 

3.03  + 

2.43 

2.  1) 

3. 348 

Nd-jS^.^ 

3 

3.  065 

2.  4:8 

2.78 

3. 322 

SIll^Sv., 

r*.  44 

3 

3.06 

2.  +4 

2.  SO 

3.  32 

ud3^.\j 

ri.  71? 

3.  024 

2.42 

2.  To 

3,264 

La;jSe3 

4.05 

3. 13 

3.04 

2.83 

3.34 

Ce.SC3 

8,  'te 

3*  .3 

3.01 

2.74 

3.3€ 

Nd.jScj 

8.  S5 

3. 06 

2.48 

2.78 

3. 32 

Sm-jSej 

n.  785 

3 

3.040 

2  .  44 

2.80 

3.  294 

Gdjse^ 

H.72 

4 

3.02 

2.32 

2.75 

3.27 

Ct3T<.'4 

3,  .56d 

3 

3.303 

3.24 

2*  47 

3.687 

4.42  2.64 

Nd3Ti'4 

4.4557 

3.  JT't; 

3.21 

2,46 

3.  646 

La^Tc^ 

■j.62 

3.33 

3*  2' t 

3,Ci 

3.61 

C.Tej 

55 

3.30 

3.24 

2.  47 

3. 58 

Nd_.Tc3 

3, 4 38 4 

3.  266 

3.21 

2.46 

3.  634 

Snj..Tc-3 

3.4S<^> 

3.  2tf 

3.17 

2.48 

3.66 

(a)  NoiKt. ivU’jH vd  '>aluc'  4K‘  Karn  wotk 

(b)  Radii  fakca  from  vanouf  sojrtc?;  !j,^|  lonu  (Rof*  6);  and  ry  covaWiU. {84rf.  T);  ionic  (Ref.  8)* 

(c)  opociiHofi  i  tnaauiod  >1  niinor  secoiid.  fee  phan-. 


TABLE  7.  CALCULATED  COVALENT  CHARACTER  OF  BONDfNC 


CoHipo-'iiion 

Apparent 

‘X- 

Caicuiated 

Per  Cent 

Covalent 

Bond  Characict^^) 

Composition 

Apparent 
fX*  A 

Calculated 

Per  Cent 

Covalent 

Botid  CluracieK^) 

U3S4 

1 .  t>3 1 

25 

U;.S.'3 

1.70 

33 

Cc3S4 

i.bi; 

27.  5 

Ce;/Se3 

1.68 

35.  8 

P'jS4 

1.611 

2B.8 

Nd^Sea 

1.66 

38 

30 

Sln-:^c3 

1.  €47 

3  ‘ 

Sm3^>4 

1.  uu4 

30 

Cu^Se3 

1.64 

4v' .  5 

EU354 

1.601 

30 

CcaTt4 

1. 7  ^*4 

4:.  2 

La,jS3 

1. 636 

23 

Nd3li4 

1.773 

4?.  5 

Cc-.S  j 

1.61S 

27.  5 

Pt._.S3 

1.61^ 

26. 6 

La.Tca 

l.ftO 

46 

NdoS3 

1. 598 

30 

Ce.Toa 

1.74 

47 

S!n.jS3 

1.  os4 

32.3 

NdjTea 

1.770 

45.  5 

EU2S3 

1.57ft 

32.5 

Siu_^T  ea^d) 

1.78 

48 

Od2S3 

1.  572 

33.8 

0)2^3 

1,355 

35 

La3Sc4 

1. 6j5 

33 

063864 

1.693 

34.6 

PraSei 

1.d74 

37 

Nd3Se4 

1. 6Gi 

36 

Sro3Se4 

1.66 

33 

0^1 

1.634 

41.7 

<a)  ^  cov 


(f_  .  -  %  X  IQO 

^  X  ton  X  app^ 

ion  ^  cov 


(b)  Two -phase  specunen. 
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Although  the  absolute  values -of  the  covalent  contribution^  Virill  depend  upon  the 


radius  values  used,  the  relative  magnitudes  v^iii  not.  Hence^  analysis  of  trends  in  the 
results  shcjuid  be  valid.  Tl^w*  c ale ula ted  values  of  the  degree  of  covalent  bond  character 
(Table  7)  show,  in  general^  the  expected  trends.  The  covalent  contribution  is  least  in 


f".  i^jven  scrxcH,  as  the  rare-earth  component  trends  toward  ccrease  in  size  (e.  g*  ,  in 
^  iing  from  Dy  2,^3),  the  calculated  covalent  contrib*  '  increases,  as  might  be 

expected  from  consideration  of  other  general  principles  wh  h  apply. 


No  diiR  ri  ricc'  L»tUw.c'^-n  values,  and  trendb  in  the  values,  for  the  two  compositions 
1.M^X4  and  M^Xj)  I  s  a  ppa  r  ti'ii  iii  the  iabuiated  values  of  tne  covalent  contribution.  How*- 
t  vi'r,  a  plot  of  the  irdiction  of  covalent  bond  character  against  atomic  number  (Figure  8J 
rwt'.fls  That,  while  the  curves  for  the  XI 3X4  sailrdea  a-nd  selemdes  do  not  deviate 
seriously  from  a  manotonic  increase,  the  curves  for  the  M3X4  compositions  tend  to 
U'V*‘L  ior  Samarium  and  europ*uni.  The  degree  of  covalent  character  m  the  bonding 
the  cc?mpoands  or  ccinpC/:5ilion»  coiitaiiung  these  elements  may  remain  low*  because  of 
tfu*  tendency  oi  thi-se  rare-earth  elements  (saji^arium  and  europiuin)  to  acnieve  the 

roscopicaily  stable  4f^  electronic  configuration  (Ref.  11),  and  thus  to  hold  closely 
vlt  whicn  jnight  ot.nerwise  contribute  to  covalent  bonding. 


Helal j onship  of  Structure  to  Electrical  Properties 


Tt*e  idvst  rvations  regarding  the  nature  of  the  chemical  bonding  in  these  rare-earth 
r>uHi<le,  selenide,  and  te  Hu  ride  phases  (Th3P4  type)  also  are,  in  general,  consistent 
with  ob^t-rved  electrical  properties  of  the  materials.  Observed  carrier  mobililieb  for 
i  rte  Tii3H4  pnases  of  the  sulfides  and  selenides  have  been  very  small  —  of  the  order  of 
magiiitude  of  those  <'j<pecteci  for  solids  in  v-hich  highly  polar  bonding  prevails.  It  has, 
in  fact,  been  sugge-:>terl  ♦hat  electrical  conduction  in  ne  sulfides  can  be  characterized 
iu  terms  ui  a  hopping  mechanism  (Ref.  10)  or  a  polaron  model  (Ref,  IZ),  both  of  which 
imply  localr^ed  charges.  On  the  other  lutnd,  apprecia  carrier  mobilities,  suggesting 
sunilarity  to  tne  covalently  bonded  broad- band  semiconductors,  have  been  observed  for 
ct' rt<?  m  nt  the  rare-earth  teilurides  -vhich,  although  falling  w'ithin  the  subject  composi- 
tjun  ranat*,  exhibit  a  soniewhat  fliffereni  striuturc.  Highest  observed  carrier  mobilities 
have  been  fur  Gd^Tey,  lor  which  the  covalent  contribution  to  the  bonding,  as  calculated, 
wtmld  Seem  to  be  approaching  30  per  cent.  In  addition,  Batteile  has,  in  its  labora¬ 
tories,  been  able  to  prepare  both  n-  and  p-type  specimens  (single-phase  material)  of 
only  r\d2Te3  and  Gd2Te3  in  the  subject  class  of  compositions. 


I'hc  Gaduiiniuin  Teliuride  Structure 


Along  with  tfic  observed  change  in  character  of  the  electrical  properties,  a  change 
in  c  ry  stal  “  St  ructure  type  also  has  been  noted.  As  is  illustrated  in  Figure  9,  the 
Th3p4-t\  pv  structure  has  not  been  obtained  in  specimens  of  Gd2Te3^  Gd3Te4,  or  these 
(5-4  ar.d  Z- 3)  selenides  and  teilurides  of  tne  listed  rare-earth  elements  beyond  gadolin¬ 
ium  in  tfic  scries.  Tht*  method  of  preparation,  which  has  been  described  previously, 
w  IS  sinniur  in  all  cases  (with  the  exception,  as  noted  below,  of  that  employed  for 
IJy 2^1*3).  Queiiching  in  air  from  temperatures  near  the  melting  points  was  involved, 
thius  making  st  unlikely  that  the  transformation  to  a  low -tempe rature  phase  occurred. 


Covalent  Bond  Character 


la  addition^  a  larger  uuml>er  of  »|>ccimend  Gci^  ^  i\nd  Gd^ie4  have  been  prepared. 

arid  aih^ia^c  dreijiayrc^^  t .  ^T^ib  felrTicrure  w^  - 

patlerns  obtained  on  single  crystals  grown  by  vapor  deposition.  It  appears  to  be  rt  iaied 

m  r I  ii§i  Mj  iTfiiii  I  * ■■  j "■■ 

di^pia^enient  ot  atenris  and  a  tran&fcrmatiOTi  of  axisj  unit  cell  volumes  are  tlie  sume. 

^  be  coii ’tpositioii  -Aliii it s  ot  tliC  structure  app^'ar  bt  near  the  composition  on 

iht^  tellurium-rich  side.  Specimens  from  Gd3Te4  synthetic  compositions  occasionally 
were  observed  to  contain  traces  of  the  Jee  GdTe  pnase.  while  those  from  Gd^TeB 
Sj^utfKlic  c</nipu.iitiunfc  c>iti  n  conuunt  d  u]  ttie  irtr^igunal  GdTe/  pnast*.  In  Ttu 

i.tttt' i  case,  i,i<  dl  CtitiLiiiia  ci  the  uiiisL-t  ol  p-typv  t: !»_  c  t  r  I  a  ccv>i  i  i  jirisued 

appc'cirance  ot  the  second  Gdl'e^  phu^e.  liuwever^  single-phase  (orthorhombic)  p-lype 
3pecirnens  \vere  obta  j  ned^  and  it  i the  relore  cori^^iuded  that  the  limit  cl  ilabiiily  oi  the 
phase  is  probably  at  slighliy^  higher  teilu.riuni  concentrations  i.  e.  ,  slight 
eoiit.ent  rat loits  <)i  exv^t-s;^  t^’Ilariuni  can  be  di- solved  >r  llic  solid  ortiiOrhunibic  piictse. 


A  structure  .siniilar  to  that  of  gadciiniam  teiluride  was  obtained  in  NdTi—  by  iieat 
treating  specimens  in  vacuo  for  ^  hours  at  J  UOO  C.  Although  the  cell  parameters  i;ave 
nt>t  oeen  dele  rniinti’d  iiccurately,  the  X-ray  diifraclion  patterns  indicate  tliat  the 
structure  is  orlhurhotnbic,  with  the  ceil  being  slightly  larger  than  that  for  Gd^Te3.  As 
iS  shown  in  Figure  9^  an  o niiorhornbic  structure  has  also  been  observed  lor 
However^  the  possibility  tliat  this  is  a  low -tempe rature  phase  cannot  be  ruled  out  in  this 
instance,  since  the  single- crystal  specimen  was  prepared  by  use  of  a  chemical  reaction 
at  90d  C.  Tht  tendenc’^  for  specimens  of  the  erbiuin  und  ytterbium  ron^.pounds  to  be 
polyphase  also  strongly  suggests  that  the  Th3P4-type  structure  may  not  be  stable  in 
sele Hides  and  tellu rides  of  heavier  rare-earth  elements. 


I’he  Cry  stal- St  rupture  Transition 


The  apparent  inmt  of  stability  of  the  Th^P^-type  structure  cannot  be  explained  on 
the  basis  of  limits  of  stability  for  the  packing  (i.e.  ,  a  radius- ratio  limit).  As  has  been 
shown,  metalloid- metalloid  contacts  probabi)  prevail  throughout  the  senes  of  com¬ 
positions.  Therefore,  the  changing  cell  size  within  a  given  series  indicates  that  con¬ 
sideration  of  the  packing  of  fixed-size  "ha  rd- sphe  re  ”  anions  docs  not  apply.  The  radius 
ratios  normally  apply  only  if  the  materials  are  predominantly  ionic.  They  were, 
nevertheless,  calculated  for  the  subject  compositions,  utilizing  ionic,  covalent,  and 
apparent  radii.  The  results  show  no  trends  toward  pertinent  limits  of  stability  of  the 
coordination  polyhedra  in  any  of  the  cases.  On  the  other  hand,  it  is  seen  from  the 
analysis  presented  of  the  nature  of  the  chemical  bonding  in  the  materials  that  an 
appreciable  degree  of  covalent  character  might  be  expected  in  the  bonding  in  selenides 
and  teiluride s  of  rare-earth  elemenls  utrar  the  end  of  the  series.  It  is  hypothesized 
that  the  observed  c.hange  in  crystal  structure  1=^  brought  about  by  the  increasing  degree 
of  covalency  of  the  bonding  which,  due  to  tlie  directional  character  of  the  covalent 
bonding  orbitals,  calls  for  a  change  in  coordinatiun, 

From  first  examination  it  would  fj  ppt  a  r  that  the  coordination  which  prevails  in  the 
Th^P^-type  structure  could  also  prevail  in  bituations  v\hich  call  for  pre dominantly 
covalent  bonding.  Stable  arrangements  might  t^e  tiu*  sp^d^  configurat ion  for  the 
octahedral  bund  orbitals  of  tiie  metalloid,  and  a  sugge  sit'd  configurat  ion  lor 

the  required  dudecaht'dral  rare-earth  '.Jidalals.  However,  X*' ray  diffraction  data  in“ 
dicatc  an  approxinuiteiy  Z3  per  cent  uierea.'^c  m  density  in  going  from  the  Th3P4  ttj-  tiie 


Copy 


-structure.  This  suggests  that  the  dodecahedral  arrangement  of  the 
•ueialloid  nucleu  around  the  rare  earth  (in  which  the  rare  earth  is  an  oversized  "caco••^ 
no  ..ng.  r  prevails,  but  may  be  replaced  by  an  arrangement  in  which  metal-metalloid  ' 
eoordinatu.n  is  lower.  Evaluation  of  the  hypothesis  does  not  appear  to  be  possible  with 
uitorni.iiion  available  at  the  present  time.  Additional  data  on  the  specific  crystal 
siructure.s  involved  and  comprehensive  examination  of  possible  covalent  bonding  con- 
iJi!uratiuns  will  bv  required. 


Ailuyb 

Cry  stal- structure  data  were  obtained  also  on  some  alloys  which  crystallized  in 
tfu  rh^P^-typc  structure.  Data  tor  the  alloys  in  which  SrSe  was  substituted  for  CeSe 
in  the*  base  conipositiun^  Ce3^e4,  are  shown  in  Table  8,  As  can  be  noted^  the  structure 
rt mains  Th3P4-typc  threugh  the  alloy  composition  range  studied,  and  the  unit-cell  size 
increase.^  slightly  as  tiie  SrSe  concentration  increases.  The  change  is  slight,  however, 
a.nd  the  trend  is  consistent  with  the  data  presented  in  the  preceding  discussion,  which 
show  s  a  gradual  increase  in  cell  size  as  size  of  the  species  of  the  metallic  element 
prcsint  IS  increased. 


TABLE  8.  CRYSTAL-STRUCTURE  DATA  ON 
SrxCe3-xSe4  ALLOY^S 


Synthetic 

Composition 

Crystal  Structure 

Lattice  Parameterj 
ao,  A. 

Ce 

Bec,  Th3p4  type 

8,  973 

SrO.  35C<.v.  L.'5Se4 

Ditto 

8.  98 

Sro.  ^5Se4 

M 

9. 0404 

SrCe2Se4 

11 

9. 0998 

Other  Selenides  and  Tellurides 


As  is  indicated  in  Figures  4  and  5,  compounds  containing  higher  concentrations  of 
the  metalloid  tend  to  crystallize  in  structures  of  lower  symmetry.  The  GdTe2  structure, 
(or  example,  is  tetragonal,  with  a  =  9.  10  A,  c  =  9.  30  A.  The  structure  apparently 
contains  8  formula  units  per  unit  cell;  density  calculated  from  X-ray  data  on  this  basis 
was  6.  8  g/cm^,  which  agrees  well  with  the  roughly  measured  density  of  6.  7. 

CeSe^,  which  was  prepared  by  melting  and  casting  material  with  composition  near 
CeSc^  in  an  atmosphere  of  selenium  vapor,  was  found  to  have  a  tetragonal  structure 
With  a^  =  8.40,  c/a  s  1.  005.  The  CeSe^  differed  somewhat  from  the  GdTc2,  and  other 
tetragonal  structures  reported  for  rare-earth  selenides  and  tellurides,  with  respect  to 
the  atom  arrangements. 
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PURITY  OF  START INO  MATERIALS 


In  general,  the  i&tandard  grades  of  rare-earth  nnetais  readily  available  from 
commercial  sources  were  atili:^ed«  In  several  cases,  however^  some  further  pariii* 
cation  of  the  metals  was  accomplished. 


As  can  be  seen  in  Table  9^  where  data  on  suppliers-  typical  analyses  and 
analyses  of  the  specific  lots  of  metals  utiiiz^ed  are  tabulaleu,  purity  of  the  standard 
grade  of  rare-earth  metals  is  low  {99-h?<?)^  relative  to  the  uauai  »ta.iwiard»  for  electronic 
materials.  In  metals  as  reactive  as  the  rare  earths,  one  mij>ht  tend  to  be  concerned 
first  about  the  concentrations  of  oxygen  and  other  gaseObts  impurities.  It  can  be  noted 
tltal  oxygen  concentrations  a  re ,  indeed,  high.  However,  the  concentrations  of  several 
of  the  ntftallic  impurities  {e.  g.  ,  tantalum,  calcium,  iron,  and  copper)  are  of  com¬ 
parable  n".af^nitude ,  indicating  that  the  importance  of  oxygen  as  an  impurity  in  the  com¬ 
pounds  may  not  surpass  that  of  any  one  of  several  rnetaiiic  elements. 

As  is  shown  in  the  first  three  entries  in  Table  10,  significant  purification  of 
samarium  metal  was  achieved  by  vacuum  distilling  the  metal  and  condensing  the  product 
at  a  temperature  below  its  melting  point  (work  done  in  the  course  of  this  project).  Con¬ 
centrations  of  the  metallic  impurities  calcium,  magnesium,  and  molybdenum  were 
sharply  reduced  by  the  process.  However,  no  difference  was  detected  between  the 
electrical  properties  of  SmAs  prepared  from  the  as- received  metal,  and  tnose  of  SmAs 
prepared  from  the  purified  metal.  On  the  other  hand,  differences  were  noted  between 
the  electrical  properties  of  Nd2Te3  specimens  prepared  from  dffe rent  lots  of  neodym¬ 
ium  metal;  Nd-I  and  Nd-II  (see  Table  10).  The  specimens  prepared  from  Nd-I  metal 
were  consistently  p-type,  presumably  because  of  the  calcium  and/or  tantalum  present, 
whereas  the  specimens  containing  Nd-II  metal  were  consistently  n-type. 

The  selenium,  tellurium,  arsenic,  and  antimony  used  to  synthesize  the  com¬ 
pounds  were  of  higher  purity  (at  least  99.  99+  fo)  than  the  rare-earth  metals.  The  con¬ 
tribution  of  charge  carriers  from  these  sources  is,  therefore,  believed  to  be  negligible 
with  respect  to  (1)  those  from  impurities  present  in  the  rare-earth  elements,  (Z)  those 
from  impurities  introduced  in  the  course  of  synthesis  of  the  compounds,  and  (3)  those 
arising  as  results  of  deviations  from  stoichiometry. 


ELECTRICAL  PROPERTIES 


Electrical  measurements  were  made  on  specimens  cut  or  cleaved  from  the  vari« 
ous  ingots.  Parallelepipeds  were  shaped  by  lapping  the  specimens  with  600-grit  SiC 
paper.  Both  the  cutting  and  lapping  were  done  in  a  dry  state  since  the  compounds,  in 
general,  tend  to  hydrolyze.  Ohmic  contacts  were  made  by  applying  indium  solder  w  ith 
an  ultrasonic  tool. 

The  apparatus  used  for  high^tempe ^-ature  (to  1  300  K)  resistivity  and  bef*beck 
coefficient  measurements  utilized  spring-loaded  pressure  contacts.  The  specimens 
‘Acre  held  between  platinum  end  plates  which  served  as  sample-current  contacts. 
Platinum- platinum  ]0  per  cent  rhodium  thermocouples,  or  Chromel-Aiumel 


TABLE  9.  TYPICAL  ANALYSES  OP  RARE-EARTH  METALS<*J 


hnpy/iiy  Conci;  net  a  tioru,  ppsn. 


impurity  in  ImiKaicd  MeuI 


Cc 

Nd 

Sm 

Gd 

£r 

Yb 

Ta 

"  IQO'i 

aOQ'JLOOd 

-500 

'2200 

-1000 

C  sL '  ' 

2.>0*500 

100- 1000 

--100 

1000-2000 

100-1000 

300-ldOO 

-  lao 

10-10,000 

-- 

— 

-ioa 

f  e 

.Wf-3000 

-  300 

iUOU 

-- 

-300 

Nf 

-- 

-  100 

-  200 

-1000 

-1000 

400-1000 

t:u 

-- 

-2000 

-  100 

'100 

— 

10 

A1 

-600 

-  100 

-- 

-• 

-- 

SI 

Cihci 

rare-earth 

-  100 

-  100 

'iOO 

clenients 

'260 

200-1000 

'700 

-2000(Tm) 

'  1000 

<>2 

5aa-?ooo 

1000-2000 

600 -2600 

1000-2800 

'1200 

-- 

N'2 

50 

-- 

-- 

20 

— 

-- 

Tut  a  i 

3360-8500 

5250* 7060 

1700-6400(^> 

4300-6100 

7400-8400 

2900-4400 

(a)  R*j^ults  deriveU  from  suppliers*  typical  analyses  and  analyses  of  specific  lou  utilized  arc  givcn«  Ranges  of  impurity 
uuncenirations  given  reflect  variation  of  values  from  sample  to  sample,  lot  to  lot*  and  supplier  to  supplier  for  the  subject 
rnotal. 

(b)  Excluding  magnesium - 


TABU  Id,  RESULTS  OF  SPECTROC.RAPHIC  ANALYSES  OF  SELECTED  SPECIMENS  OF  RARE-EARTH  METALS 


Impurity  Elements  Detected «  ppm  by  weight 

Total 


Matenai 

Ca 

Mg 

Si 

Ni 

Fe 

Mn 

Cu 

A1 

02 

Mo 

Ta 

Detected 

Ain,  as  received 

500 

'10,000 

6 

- 

6 

20 

10 

<10 

— 

200U 

-10* 

~12. 0(JC(^) 

distilled. 

condeoM^  as  liquid 

10 

6 

10 

— 

10 

50 

100 

<10 

-- 

20 

<10^ 

>ifi.  redistilled. 

condensed  as  solid 

to 

iO 

10 

-- 

20 

10 

60 

10 

-- 

10 

<10"* 

:d-I 

300 

-  * 

-- 

500 

-• 

1000 

-- 

800 

2.600 

:d-n 

ND 

HD 

-- 

600 

-- 

-- 

lOOO 

-- 

NO 

1.500 

r)  Excluding  tantahim. 
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lite rmocoupiet»,  were  ut i ^ ^ ^  ^ ^ f  ^*i\\ f ^ ^  tfi * ' ^'  i  ' . i M i ffll  I  f" W il'P^Wf 
'l!*IIW'S'''’'#¥'"rBf^~#^  Puii^  ^4>ifiae4£i  o|  platinuni  or  Chrome  1  were  pressed  against  a 

face  of  the  specimen  for  re  si  stivity- voltage  ineasurenients.  Ail  high- temperature 
electrical  measurements  were  made  in  vacuum  at  residual  pressures  in  the  range 
i  X  10“^  to  1  X  10*“^  mm  of  Hg.  This  was  found  to  be  necessary  in  an  early  stage  the 
study  of  tJic  selenides  and  tcllurides.  At  pressures  (ui  air)  greater  than  10”*^  luiu  ol 
Fig,  irreversible  clianges  in  tlectricai  properties  of  specimens^  presumably  resuitij^g 
from  oxidation  of  the  materials,  were  observed  to  occur.  At  pressures  less  than 
mm  of  Hg,  reproducible  results  were  obtained. 


MonoseWnides  and  Klonotelluride s 


The  rare-earth  inonoselenides  and  monoteiiurides  form  a  family  ol  refractory 
materials  with  inlert  sting  and  potentially  useful  electrical  properties.  These  com¬ 
pounds  all  crystalliz-e  in  a  fee  NaCi  structure  and  have  melting  points  in  the  range 
1700  to  ZlOO  C.  Table  II  shows  the  room-temperature  resistivity  of  some  of  the  mono- 
stlenides  and  monoteiluride s  which  ha^e  been  prepared. 

TABLE  11.  ELECTRICAL  RESISTIVITY  OF 
REPRESENTATIVE  RARE- 
EARTH  MONOSELENTDES  AND 
MONOTELLURIDES 


Synthetic 

Composition 

R. 

lb 

esistivity  at 

C,  ohm- cm 

Sn  iSe 

1000 

SniTe 

2000 

YbSe 

100 

YbTe 

7000 

CeSe 

i 

X  10'"* 

CeTe 

Z 

X  10"^ 

NdSe 

5 

X  10'^ 

NdTc 

4 

X  10‘5 

GdSe 

8 

X  10“^ 

GdTe 

7 

X  10“* 

ErTe 

1 

X  10"'^ 

In  terms  of  their  electrical  properties,  these  materials  fail  into  two  general 
classes:  one  class  which  will  be  referred  to  as  Tyj>e  li  consistsr  of  compounds  of  raie- 
earth  elements  which  normally  exhibit  a  stable  dipositive  oxidation  stale,  such  as 
samarium  and  ytterbium;  the  otlier  class  which  -will  be  referred  to  as  Type  III  mclude^ 
compounds  of  rare-earth  elements  which  normally  exhibit  a  tripositive  oxidation  stai**, 
such  as  neodynn am,  gadolinium,  and  erbium.  The  Type  II  compounds  exhibit  re¬ 
latively  high  resistivities,  large  negative  temperature  coefficients  of  re  .si  stance 
(negative  TCR),  and  have  low  rooin-tempe  raturf*  free-carner  concent  rat  ions  ( !  0  ^ 


II 


The  Type  III  compoundsi  exhibit  very  low  resistivities^  positive  TCR*s. 

appear . io 

Figure  iO  shows  the  temperature  diependence  of  the  electrical  resisliyily  of  various 
SmSe  specimens.  This  material  is  characterized  as  n-type  with  roonftemperature 
resistivity  of  about  ^000  ohm*cm  and  carrier  concentration  of  about  iO  Al*“ 

though  sample  n  having  resistivities  which  deviate  from  the  more  typical  values  in  the 
iow- tentperature  range  can  be  prep^ired  {e,g.  ,  Specimens  1  5B  and  55  in  Figure  iO), 
the  differences  usually  can  be  rationalized  by  pointing  up  obvious  additions  of  impurities 
or  defects  (e,  g.  .  by  deviation  from  stoichiometry^  in  substantial  amounts.  Single- 
crystal  specimens  exhibit  electrical  properties  not  materially  different  from  those  of 
poly  c  r  y  si  a  1 1 1  ne  spe  c  i  n  i  v  n  s . 

Hali  data  also  indicate  largo  temperature  dependences  suggesting  a  conduction 
mechanism  involving  the  thermal  activation  of  charge  carriers.  The  fact  that  the  high- 
temperaluro  elect rical  properties  are  the  same  for  so  many  samples  prepared  under  a 
variety  oi  conditions  (e.  g.  ,  with  both  purified  and  as- received  samarium,  with  both  ex¬ 
cesses  and  deticiencies  of  samarium,  and  with  additions  of  chemical  impurities) 

that  the  observed  conductivity  characteristics  may  be  intrinsic  to  the  material. 
Samarium  in  SmSe  apparently  shows  a  +2  oxidation  stale  because  the  third  normally 
available  valence  electron  tends  to  reside  in  a  4£  level  in  an  attempt  to  achieve  a  stable 
half-filUd  configuration  (see  Table  I  and  Figure  6),  Hence,  the  activation  energy 
for  conduction  giving  rise  to  p  ^  e^*  ev/kT  associated  with  an  electron  trans¬ 

ition  from  a  4f  level  to  a  5d  or  6s  conduction  band,  if  classical  semiconductor  theory  is 
applied,  the  forbidden  energy  gap,  Eg,  is  calculated  to  be  about  0.  72  ev  for  SmSe,  as 
determined  from  the  limiting  slope  in  Figure  10. 

In  contrast  to  the  n-tyj>e  SmSe,  the  monoselenides  and  monotellurides  of  ytterbium 
have  exhibited  hole  conduction,  presumably  as  a  result  of  the  presence  of  p-type  im¬ 
purities  or  lattice  dt  ft  cts  behaving  as  acceptor  sites.  Figure  11  shows  the  tempera¬ 
ture  dependence  of  resistivity  for  p-type  YbSe  and  YbTe  specimens.  The  two  YbSe 
specimens  have  carrier  concentrations  on  the  order  of  4  x  10^^/cm^,  with  the  hole 
mobilities  being  on  the  order  of  0.  3  cni^/ volt-sec.  Activation  energies  of  0.  17  ev  and 
0.  3  ev  can  be  calculated  from  the  data  ^  poc  e®*  3/kT  range  300  to 

500  K  for  YbSe  Specimen  16B  and  YbTe  Specimen  3,  respectively,  again  assuming  that 
classical  semiconductor  theory  is  applicable*  At  higher  temperatures,  the  data  in¬ 
dicate  the  poseihility  of  approach  to  an  intrinsic-conduction  range;  however,  a  slope  is 
not  well  defined,  and  the  specimen  is  still  p-type  at  1130  K  {as  determined  from  the 
sign  of  the  thermoelectric  power). 

In  the  case  of  the  Type  III  compounds,  such  as  NdSe  and  the  monotellurides  of 
Nd,  Gd,  and  Er,  the  above -described  electron  transition  from  a  4f  level  to  a  conducting 
state  appears  to  occur  readily  at  ail  temperatures  above  4  K.  It  is  noted  that  these  rare- 
earth  elements  normally  exhibit  only  the  +3  oxidation  state.  In  contrast  with  the  Type  II 
compounds,  these  Type  Ill  compounds  exhibit  low  room-temperature  resistivities,  in 
the  10*^  to  ohm-cm  range,  and  positive  temperature  coefficients  of  resistance,  as 

is  shown  for  GdTe  in  Figure  iZ*  Also  carrier  concentrations  in  these  materials,  which 
are  all  n-type,  are  apparently  very  large;  estimates  of  the  concentrations  fall  in  the 
range  10^1  to  l0^^/cm3.  The  source  of  these  carriers  is  believed  to  be  the  excess 
valence  electrons  contributed  by  the  2  x  10^*^  rare-earth  atoms  per  cm^  in  the  lattice. 


FIGURE  11.  RESISTIVITY  AS  A  FUNCTION  OF  TEMPERATURE 
FOR  P-TYPE  SPECIMENS  OF  YbTe  AND  YbSe 
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Alloys  made  up  of  a  compound  containing  a  dipositive  metal  ion^  along  y ith  one 
cont^iiuivg  a  tripi^trittve  metal  lon^  have  been  prepared  and  are  found  to  exhibit  electrical 
properties;*  intermediate  between  tnose  of  the  two  binary  compounds*  Figure  13,  ahowg 

^yatem*  &afnarmm  is  replaced  progressively  with  neodymium,  the  resistivity  of  the 
resultin^j  compositions  decreases  from  about  iO^  to  ohm-cm,  with  a  precipitous 

drop  of  4  orders  of  magnitude  occurring  within  a  narrow  range  at  about  11  to  13  mole 
per  cent  NdSe.  Carrier  ''oncentrations  measured  for  alloys  in  the  range  0  to  40  per 
cr-nt  NdSf  also  undergo  an  abrupt  change  at  a  composition  co.itaining  about  IZ  mole  per 
c<  nt  NdSt  j  sngwestmg  tha^  there  arc  <xi  iva»t  two  distinct  modes  of  conduction  operating 
in  the  alloy  system*  The  Hail  coefficient  value  at  IQO  per  cent  NdSe  is  a  calculated 
value  Last'd  on  the  concentration  of  neodymium  atoms,  asaummg  one  cofimaction  electron 
pfc  r  nt  ody mi um  atom. 

At  low  NdSe  coneentrations^  one  might  expect  each  neodymium  atom  in  the  SmSe 
matrix  to  act  as  a  donor  impurity  which  is  ionized  at  all  temperatures.  This  is  indeed 
not  the  case  as  illustrated  by  the  following  example.  At  concentrations  of  2  mole  per 
cent  NiiSe,  approximately  4  x  10^^  electrons / cm ^  should  be  seen  if  the  neodymium 
atoms  act  as  ionized  donors.  However,  this  alloy  composition  exhibits  electrical 
properties  essentially  the  same  as  those  of  pure  SmSe,  containing  only  about  10 
elc*ctrcns/cm^-  In  fact,  at  alloy  compositions  of  16  per  cent  NdSe  (or  about  3  x  10^^ 
xu  fKlymiurn  atoms/cm^),  only  about  1.  6  x  10^^  electrons /cm^  are  found  experimentally. 
In  view  of  the  very  low  electron  mobilities  observed  for  these  materials,  it  w^ould  not 
h*  surpr*  aing  to  find  that  the  mean  free  path  for  electrons  is  so  small  that  standard 
band  theory  does  not  apply. 


Electrical  Conduction  in  the  SmSc-NdSe  Alloys 


Con  Side  ration  has  been  given  to  possible  modes  of  electrical  conduction  in 
p.'a*udobinary  alloys  of  the  SrnSe-NdSe  type.  The  nature,  location,  and  cause  of  the 
abrupt  change  in  electrical  properties  with  composition  (see  Figure  13)  were  the  initial 
subject. s  for  analysis. 

It  should  recalled  that,  since  samarium  normally  exhibits  a  highly  stable 
dipositive  oxidation  state,  in  SmSe  formal  ionic  valences  are  balanced  (Sm^^Se"^)  and 
low  free -elect ron  concentrations  might  be  expected*  On  the  other  hand,  neodymium 
normally  exhibits  only  a  tnpositive  oxidation  state.  Nevertheless,  it  is  reasonable  to 
expect  that,  in  the  compound  NdSe,  the  bonding  also  will  involve  only  two  electrons, 
leaving  one  loosely  held  electron  associated  with  each  formula  unit  or  each  neodymium 
atom  (Nd*^  “ )  which  is  free  to  act  as  a  charge  carrier.  Thus  it  appears  reason* 

abi  to  consider  the  neodymium  atoms  a  source  of  charge  carriers  and  to  expect  a 
correlation  between  the  carrier  concentration  and  the  concentration  of  neodymium 
ritotiis  in  the  alloy. 

The  correlation  between  the  two  concentrations  is  not  a  direct  one,  however;  the 
iH*t  carrier  concentrations  are  observed  to  be  very  much  smai  ler  than  the  concent  rations 
net>dv’'xiiu»u  atoms,  as  ha  >s  been  pointed  out  previously.  In  alloys  containing  less  than 
approv  in.uely  1  1  mole  per  ce.it  NdSe,  the  carrier  concentrations  are  found  to  be  ieps 
th.an  0.01  per  ceni  of  the  neodynauni-atom  concentrations.  For  cornpositicns  containing 
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more  than  about  13  per  cent  NdSe,  the  net  carrier  concentrations  are  only  3+  per  cent 
of  the  neodymium-atom  concentrations*  _ . . .  ^  . . 

The  folbjwing  hypothesis  was  advanced  and  examined  as  a  possible  explanation 
for  ihr  abrupt  changes  in  electrical  properties*  Electrical  conduction  is  prestimed  to 
occui  through  interactions  involving  the  third,  loosely  held,  valence  electrons  of  the 
neodyniium  atoms.  It  is  further  suggested  that,  above  about  il  per  cent  NdSe, 
lieudynnuni  atorn^  which  are  close  enough  to  interact  can  form  chains  of  significant 

whereas,  below  about  li  per  cent  NdSe,  the  concentration  of  neodymium  atoms 
III  lung  chains  becomes  negligibly  small  compared  to  conduction  electron  concentrations 
asi>uciatt  !  with  the  SmSe  matrix. 

A  rough  analysis  was  made  to  obtain  an  estimate  of  the  concentration 

.it  which  long  chains  of  neodymium  atoms  on  nearest-^neighbor  sites  might  begin  to  form. 
Tht  essentials  of  the  statistical  analysts,  the  results  of  which  appear  to  affirm  the 
hypothesized  involvement  of  nearest-neighbor  interactions  in  the  conduction  process, 

1  rc  as  follows.  Consider  a  cube  of  material  containing  Nf  neodymium  atoms  and 
N(i-f)  samarium  atoms  (where  f  is  the  mole  fraction  of  NdSe),  The  number  of 
neodymium  atoms  on  one  face  of  the  cube  is  (Nf)^^^.  If  N  is  very  large,  the  number, 
of  chains  of  nearest^neighbor  neodymium  atoms  beginning  on  this  face  of  the  cube 
ind  extending  to  the  opposite  face  can  be  shown  to  be  approximately^: 


(Nf) 


Z/3 


00 

TT 

p=0 


1  - 


U) 


where  n  is  the  number  (IZ  in  the  NaCl  structure)  of  cation  nearest  neighbors  of  a  given 
oation  and  m  is  the  average  number  of  neodymium  nearest  neighbors  of  each  neodymium 
itom.  We  assume  iTi  to  be  equal  to  nf,  and  we  ignore  any  interlocking  of  chains  or  any 
*loup’*  formations.  Equation  (I)  becomes 

oc 

Nc/^NO  =  TT 

p=0 

The  function  ^  (f)  is  zero  for  IZf  <  I  (i,  e-  ,  for  m  <  1),  increases  very  rapidly  as 
he  composition  is  adjusted  toward  that  at  which  iZf  >  1,  and  approaches  1  for  12f  »  1. 
Thus  this  analysis  predicts  an  abrupt,  almost  discontinuous  rise  in  the  concentration  of 
leodymium  atoms  in  long  chains  on  nearest- neighbor  cation  sites  at  f  -  1/12  =  0.  0833. 

If  interactions  between  such  atoms  are  involved  in  electrical  transport,  a  similar,  rapid 
rise  in  conductivity  would  be  predicted  as  the  mole  fraction  of  NdSe  is  increased  through 
3  per  cent  and  values  just  above.  The  8.  3  per  cent  is,  however,  seen  to  be  a  lower 
-imit  because  loop  formations  and  the  interlocking  of  chains  have  not  been  taken  into 
iccount,  and,  in  addition,  no  directional  selection  has  been  imposed.  Also,  the  rise 
n  conductivity  would  be  expected  to  occur  at  a  slightly  higher  concentration  than  that 
:or  the  inception  of  chair,  formation. 

The  hypothesis  was  also  evaluated  by  a  second  method.  The  statistical  arrange- 
nents  of  atoms  in  alloys  were  investigated  by  randomly  placing  representative 
leodyinium  and  samarium  *’atoms*’  into  crystallographic  models,  varying  both  the  alloy 
omposition  and  the  size  of  the  model.  The  formation  of  chains  or  strings  of  neodym- 
urn  atoms  in  nearest-neighbor  sites  was  noted  as  the  models  were  randomly  filled, 
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Estimates  of  tr*e  concentrations  of  excess  vait^nce  t'Icctrons  which  nueht  be  associated  . ^ 

loosely  n  ^^ileci  ro?»  U 

associated  with  each  neodymium  atom. 

It  is  not  possible,  with  the  present  inadequate  knowledge  of  band  structure  and 
energy  levels  in  these  compounds*  and  alloys,  to  oblain  corresponding  conduction- 
eltctron  concentrations  from  tlie  estinuitf's  oi  excess  valencc'^ciect  ron  concvnt  ration??. 
iiowever,  it  was  found  that  some  mforniation  could  be  gang'd  about  cunduk;tion  pro¬ 
cess  by  treating  the  data  on  atuin  arrangements  tn  several  ways  arid  cun.paring  tiio 
resuita  With.  uuserv*;d  net  free*** carrier  cimcent rations. 

li  it  is  assumed  that  the  equivalent  of  one  electron  ss  contributed  to  tht-  con¬ 
duction  process  t^y  each  neodymium  atom  in  tlu  *'^andactiun  chains'',  thtn  the  caicuiated 
carrier  concentrations  (Curve  A,  Figure  14)  are  much  higher  than  the  expe  rimentaliy 
measured  values  (open  circles  in  the  figure). 

In  a  second  way  of  examining  the  data,  it  is  assumed  that  the  excess  valence 
electron  initially  associated  with  a  neodymiuni  atom  is  distributed  such  that  the  electron 
densities  between  the  atom  and  all  nearesi-neighbor  cations,  regardless  of  identity,  are 
the  same.  That  is^  on  the  average,  the  electron  density  between  Nd'Nd  nearest 
noiglibors  16  equal  to  that  between  Nd-Srn  nearest  neighbors.  Thus,  for  analytical 
purposes,  the  fraction  of  an  excess  valence  electron  considered  to  be  occupying  a  given 
coordination  leg  xn  the  cation  sublattice  changes  vs-ith  composition  (i.  e.  ,  as  identity  of 
the  other  11  nearest  neighbors  of  the  atoms  changes)  as  illustrated  in  Table  ll.  Note 
that  at  high  "free^*  electron  concentrations  (f  =  1),  both  neodymium  and  samarium  show 
their  lowest  formal  charges,  as  would  be  expected.  With  this  assumed  chstribution, 
the  concentration  of  excess  valence  electrons  in  Nd-Nd  nearest-neighbor  chains  across 
the  models  shows  the  type  of  variation  with  changing  alloy  composition  that  conduction- 
electron  concentrations  would  be  expected  to  display. 


TABLE  J-,  ASSUMED  DISTRIBUTIO.V  Of-'  VALENCE  ELECTRONS  IN  CATION  SUBLATTICE 
OF  SmSi. -NdSe  ALLOY 


Mole  fraction 
NdSc,  f 

FrJCfion  oft")  Evccis  V ^Cncc 
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FIGURE  14.  ELECTRON  CONCENTRATIONS  IN 
SmSe-NdSfc  ALLOYS 
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Further,  if  these  eiectron  concentratiuus  are  normal^ed 
iwaigum  SiifwiifUfpilnwiF calcuiated  \yBlue s  arc 
in  goad  agreement  with  the  measured  carrier  concentrations^  between  IQ  and  53  per 
cent  NdSe,  as  can  be  seen  in  Figure  14.  Curve  B  is  a  composite  of  data  from  analysi^^ 
of  the  crystallographic  motU^ls:  a  i/8-unit-celi  model  over  the  range  50  to  100  per 
cent  NdSe,  a  l-unit-»cell  model  over  the  range  31  to  100  per  ct^nt  NdSe,  a  ^7/8- unit- ce il 
model  lor  3Z  to  54  per  cent  NdSe,  and  an  8-*  unit- ceil  niodei  for  the  i  9  to  31  per  cent 
KdSc  composition  range*  For  each  of  the  models,  Curve  B  was  extended  down  to  bome- 
what  lower  NdSe  concentrations  (dashed  branches)  by  use  of  the  approximation: 

P> 

C? - F  Cl  . 

^  Pj  ^ 

w^here  Pj  is  the  probability  o£  finding  a  chain  across  a  certain  model  at  a  known  concen¬ 
tration  C  2  and  is  the  probability  of  getting  a  chain  at  a  lower  concentration 

As  can  be  seen,  the  carrie r- concentration  curves  for  the  1/8-  and  l-unil-cell 
models  fall  of  at  higher  NdSe  concentrations  than  do  those  for  the  27/8-  and  8-unit- 
cel]  models.  The  trend  indicates  that  if  a  much  larger  model  were  used,  the  abrupt 
change  in  predicted  carrier  concentrations  would  occur  at  a  lower  NdSe  concentration, 
with  the  curve  falling  even  nearer  to  the  experimentally  determined  points. 

Utilizing  the  crystal-model  analysis,  the  effect  of  allowing  next- ncare st-neighbor 
interactions  along  with  the  nearest-neighbor  interactions  was  investigated.  The  results 
do  not  agree  with  observed  properties  of  the  alloy  specimens;  predicted  carrier  concen- 
tration.i  are  several  orders  of  magnitude  higher  than  experimentally  determined 
concentrations. 

Thus,  the  analyses  indicate  that,  if  the  conduction  process  involves  interactions 
between  neodymium  atoms  in  chainlike  arrays  on  nearest- neighbor  cation  sites,  an 
abrupt  change  in  electrical  properties  would  be  expected  to  occur  as  the  composition  is 
varied  between  a  lower  limit  of  about  8.  3  mole  per  cent  NdSe,  which  is  predicted  by  the 
approximate  statistical  analysis,  and  an  upper  limit  of  about  16  mole  per  cent  NdSo,  as 
determined  by  the  crystal-model  technique  of  analysis.  This  is  in  good  agreement  with 
experimental  observations  w'hich  place  the  break  at  about  12  per  cent  NdSe,  In  addition, 
as  has  been  pointed  out,  both  analytical  techniques  probably  would  predict  transitions 
for  compositions  closer  to  experimental  12  per  cent  composition  if  the  techniques  were 
refined. 


M3X4-M2X3  Seienides  and  Tellurides 
(Nd  ~Gd,  and  Ce) 

Rare-earth  selenide  and  teliuride  compositions  ranging  from  M^X3  to  K43X4,  in 
which  the  rare-earth  element  is  one  normally  exhibiting  a  stable  +3  oxidation  state,  have 
been  observed  to  have  good  thermal  stability  and  to  crystallize  in  either  a  bec  thonani 
phosphide  structure  or  an  orthorhombic  structure.  The  lower  atomic  number  rare- 
earth  elements  form  phases  which  exhibit  the  Th3P4-type  structure  For  elements  of 
higher  atomic  number  than  about  60  (neodymium),  the  tellurides  assume  the  lower 

•The  diforcticai  uioii  vas  oc  c^^rjccniraiioj's  of  juouyirauni  3fon  s  in  pju 

Thus  ir  r  a?sunu  J  thai  oik  clorirtni  <K>ntfibuKd  by  tar!  ni  kKiyifimr;  aion  * 
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symmetry  structure.  The  seienides  of  ra re-dearth  elements  heavier  than 

a fp tti  r s n| ] }r  n\f  j  i ii. In' ' I i n  i  •  ‘ . ih i ^ 

subject  are  presented  in  the  section  on  ^Structure  and  Phase  Relationships**. 

Figure  12  shous  the  temperature  dependence  of  resistivity  for  Gd^Te^  and 
Gd^Te^  compositions  which  crystallize  in  the  orthorhombic  structure.  For  the  2” 3 
composition,  both  p-  and  n-type  conduction  are  observed  with  carrier  concentrations 
in  the  range  i  x  to  o  x  The  top  curve  of  Figure  12  is  for  a  specimen 

which  is  p-type  at  low  iemperaiutes  and  crosses  over  to  n-type  at  about  900  K-  This 
sample  was  single-phase  (the  arihorhan>biC  structure)  material^  which  by  chemical 
analysis  was  found  to  contain  0.  9  per  cent  by  weight  excess  tellurium.  Above  900  K 
the  negative  temperature  coclUcient  ot  retfistivity  suggests  the  onset  of  intrinsic  con-" 
duel  ion  with  7/2kT^  expressed  in  ev. 

Without  exception,  specimens  of  the  3-4  composition  are  n-type  with  free- 
elect  run  concentrations  in  the  range  10^^  to  10^^/cm^  and  values  <1  cm^/volt-sec* 

It  IS  noted  that,  if  the  rare-earth  elements  are  present  as  trivalent  ions,  it  is  possible 
that  each  molecular  unit  could  contribute  a  free  conduction  electron.  At  100  per  cent 
ionization  of  the  rare-earth  elements,  about  4  to  8  x  10^^*  electrons/cm ^  would  be 
available  for  conduction. 

As  IS  shown  in  Figure  12  and  Table  13  (in  which  the  properties  of  representative 
speciniens  are  given),  corresponding  compositions  containing  neodymium  or  other  rare- 
earth  elements  exhibit  properties  which  are  generally  similar  to  those  of  the  gadolinium 
compounds. 
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tliAi  iKe  M2X3  compositions  exhibit  i*alher  typical  senncon- 
ducling  properties,  being  ubtainabie  as  both  n-  and  p-type  materials  and  possessing 
higher  resistivities  and  higher  carrier  mobilities,  and,  in  the  case  of  Gd^Te3  at 
showing  the  apparent  onset  of  intrinsic  condaetton  at  higher  temperatures.  On  the  oth«  r 
hand,  for  the  M3X.I  compositions,  no  uidi cation  ui  a  thermally  activatt  d  conduction 
process  has  been  obtained  from  resistiNity  data  taken  as  a  ^unction  of  temperature  in 
the  range  77  to  1300  K;  reliable  Hail  da '.a  couid  nut  be  obtained  at  the  generally  high 
carrier  concentrations.  Both  the  resistnity  and  Sccbcck  cueifici^tu  ter  these  material:^ 
showed  a  temperature  dependence  that  appears  similar  to  that  of  a  n^etaL 

The  cornpoimds  which  crystallize  in  the  Th;^p4  structure  make  up  a  fanniy  ui 
mate  rials,  iricnibers  of  which  are  of  interest  a:^  thermoeit'ctric  matt  rials  for  po^ver 
generatof.'>  operated  at  high  temperatures.  The  Th^P^  structure  is  bod)'*centcred 
cubic  vvjlh  atoms  p<^  r  unit  ceil.  I'he  co-npositions  are  considered  to  have  a 

defect  Th^P^  structure  v^-ith  lb  anions  per  unit  cell  and  lO-Z/3  rare-earth  atoms  per 
unit  cell  distributed  at  random  over  12  equivalent  sites.  As  addit’onal  rare-earth 
atoms  are  added,  these  vacant  sites  are  progressively  filled  until  tee  M3X4  composition 
is  attained,  cor  re  spending  to  all  sites  liiled. 

At  the  2“  3  coinpositicui,  formal  charge  balance  prevails  if  the  rare-earth  eiejnc  jil 
assumes  a  tripositive  state.  At  the  3-4  composition,  as  many  as  four  excess  vaienct' 
electrons  are  available  per  unit  cell,  or  appruxnnattTy  b  x  10^^  elect  rons/ cm 

One  may  adjust  the  carrier  conce m ration,  with  a  corresponding  change  in  the 
vacancy  concentration,  by  changing  the  compos  it  ion  of  the  compound  in  the  range 
M3X4  to  M^X^.  Hence,  the  values  of  electrical  resistivity  and  Seebeck  coefficient  inav 
be  adjusted  to  optimize  the  thermoelectric  figure  of  merit  Z  -  where  is 

Seebeck  coefficvnt  and  <  is  the  thermal  conductivity.  The  carrier  concentration  also 
may  be  adjusted,  without  a  change  in  the  vacancy  concent  ration,  by  replacing  rare-earth 
elements  with  divalent  aikaiine-earth  elements,  such  as  barium  or  strontium* 

The  range  of  compositions  of  interest  is  shov\n  in  Figure  15,  using  the  Ce-Sr-be 
system  as  an  illustration.  In  analyzing  senes  of  specimens  at  points  along  the  two 
bold-face  lines  starting  with  the  3-4  composition  and  progressively  replacing  cerium 
atoms  with  vacancies  or  strontium  atoms,  electrical  resistivity  and  Seebc^ck  coefficient 
of  the  specimens  increase  in  a  regular  manner.  This  suggests  that  carrier  concen¬ 
tration  decreases  as  the  rare-earth  atoms  are  replaced  or  as  the  concentration  of  excels 
va)ence  electrons  is  decreased.  In  the  limited  number  of  cases  in  which  Hall  efu  ct 
could  be  measurtc'.,  carrier  concentrations  given  by  i/Ri^e  were  in  fair  agreement  with 
liie  calculated  numbe  r  of  excess  valence  eiectruns.  The  most  interestn.g  compositions 
for  thermoelectric  applications  have  been  found  in  the  regions  of  intersection  of  the 
cross- hatched  region  with  the  two  bold- face  i*iies.  Actually,  interesting  com po .sit ions 
would  he  expected  also  within  the  cross-hatcht'd  region  in  which  the  normally  vaciint 
sites  of  the  2-3  composition  are  filled  only  partii-dK  with  rare-eajth  and  aikahne-ea  rth 
atc»ms. 

Table  14  shows  thermoelectric  data  at  298  and  I  300  K  for  repre  senlativo  com¬ 
positions.  The  high- tempo- rature  thermal  conductivities  were  €*stirnated  by  considering 
(i)  aieasa**ed  electrical  resistivities,  (2)  the  u^deniann-l-^ranz  relationship,  (3)  thv 
measured  room-teinperature  thermal  conductivities,  and  (4)  high-ter^iperaturv  laliicv 
thermal  conductivities  deduced  from  observed  trends  in  this  parameter  for  CeS-Ce^-S^ 


FIGURE  15.  BOUNDARY  CONDITIONS  OF  INTEREST  FOR  RARE-EARTH 
COMPOUND  AND  AELOY  COMPOSITIONS 
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coiiipi.sitDns  (Rt.l.  13).  Hstuj.ates  obtaini-tl  in  tlu.',  m. inner  are  believed  tn  be  con¬ 
servative.  In  vieu  ol  the  fact  that  no  serious  attempt  has  yet  been  made  to  opti.ui/.e 
tne  material  Compositions,  it  is  encouraging  ttiat  ZT  values  greater  than  unity  at 
1000  C  have  been  attained.  High-tempe  ratine  figures  of  merit  of  this  magnitude  are 
rare.  Other  similar  veork  reported  (Refs.  13,  M)  has  been  limited  to  sulfides  of  rare 
eartlis  with  strontium  or  barium  doping,  and  estimated  ZT  values  of  unity  have  b»>en  ob¬ 
tained  with  certain  compositions.  It  has  been  oiiserved  that  prevention  of  surface  oxi¬ 
dation  and  application  of  contacts  are  more  serious  problems  with  the  rare-earth 
suliicif;:,  thijii  With  ihc*  tellurides  or  sclenide&. 


1  .AijI-I:  I  ».  TMERMOLLtC  TUIC  DA  1  A  FOR  REPREsLN  I  A  I  IVE  R.ARE-EAR'FH  COMPUI  NDS  AND  ALLOY^ 


ViiUlcUv 

Coinjinbiuon 

T. 

K 

olun-ciii  f 

(t^ 

V ,  Uci; 

(a). 

watt  cill-dcg 

ZT  (E  l.) 

2’^ 

b.u  X  I'j 

fi.C“j4 

2',tJS 

1 

1  N  in'’ 

■i.'  \  1 

-•>  1 

» .  ■  >  2  ! 

1 .  J 1 J 

2‘Jri 

lauo 

1,7x1..-^ 

-14.J 

».  tj24 

' .  >21; 

i30(J 

1.  1  X 

4.  J  .\  lO"'* 

-  i'.f 

0  *  1 1 6 

l.  l  \  b'"’* 

7.5  \  10* * 

*  t’j 

-24  * 

-14 

...  . 

l.l 

(a)  Thcfdiai  .riMij.  k,  at  K'Ou  K  wa^  ^alLulaleU  ^  ''Vi*  where  IT .  i*  . 

.7  2  /  k  \  X  ‘  ^ 

E  «  \~  /  ^p!i  "**^*'^  • 


Polyselenide s  and  Polytelluride s 

Although  compounds  of  the*  typ*^  MX^  and  MX4  tend  to  dissociate  at  moderate 
temperatures,  specimens  of  GdTe2,  GdTc4,  a.nd  CeSe^  have  been  prepared  by  crystal¬ 
lization  of  melts  under  afmospheres  of  the  metalloid  vapor.  The  GdTe4,  so  prepared, 
was  in  the  form  o(  leaflets  embedded  in  a  matrix  of  lower  tellurides,  and  only  crystal- 
structure  studies  or  this  material  were  undertaken.  However,  polycry stalline  speci¬ 
mens  of  GdTe^  and  CeSe^,  large  enough  to  permit  electrical-property  measurements, 
were  synthesized.  In  addition,  sizable  single  crystals  of  GdTe2  were  prepared  by  a 
vapor-growth  method  in  which  halogens  were  utilized  to  promote  transport  through 
the  vapor  phase. 

The  observed  electrical  properties  (lower  portion  of  Table  13)  indicate  that  these 
compounds  always  exhibit  p-type  conduction,  with  resistivities  being  higher  and  the 
Seebeck  coefficient  generally  lower  than  tliose  of  the  p-type  specimens  of  the  M2X3  com¬ 
pounds.  The  results  for  CeSc2  show  a  combination  of  high  resistivity,  negative  TCR, 
low  carrier  concentration,  and  low  carrier  mobility,  suggesting  similarity  to  the 
samarium  and  ytterbium  monoselcnido s  in  which  ionic  valences  arc  balanced.  In  con¬ 
trast,  resistivity  of  the  ditelluride  of  the  normally  trivalent  gadolinium  is  low,  while 


4“S 


At  ...iUt  .  -.I.rj  A-.i  (Nd^  .-am,  m-.d  C-d ) 


liH  i.iii  -i  irti.  i-U  lurtu  bmarv  con. pounds,  with  the  elements  of  ciiemicul 

(..f.Hip  V,  arMMUc  and  antimony,  which  contain  nominally  equiatomic  portions  of  the 
<  h  inents  and  which  crystallize  in  the  fee  NaCl  structure.  Battelle’s  research  on  the 
ar.-,e!!'<  and  antimony  compounds  was  confined  to  study  of  such  compostions,  and  no 
investigation  was  made  of  the  possible  existence  of  other  compounds  or  phases  in  these 
binary  systems.  Electrical  properties  of  representative  specimens  of  the  compounds 
are  shown  in  Table  15.  All  specimens  measured  have  been  n-type.  If  carrier  concen¬ 
trations  are  calculated  using  the  simple  I/Rhc  relation,  where  is  the  Hall  coefficient 
and  e  the  cliarge  on  an  electron,  large  frcc-clectron  concentrations  in  the  range  4  x  10^® 
to  .X  10'^*/cm3  are  obtained.  Nevertheless,  the  electron  mobilities  determined  from 
RjjC:.  where  C  is  the  electrical  conductivity,  are  seen  to  be  large  relative  to  other  rare- 
earth  cuinpoundri  studied  iii  this  research. 


TAHLE  lU  OtisFJWED  ELECTRICAL  PROPERTIES  OK  NdAs.  GdAs,  SmAi.  AND  NdSb 
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The  electrical  properties  of  SmAs  prepared  using  purified  samarium  were  found 
to  be  substantially  the  same  as  for  SmAs  prepared  with  as-received  samarium  metal. 
Thus,  it  appears  that  impurities  initially  present  in  the  commercial  rare-earth  metals 
arc  not  contributing  a  significant  portion  of  the  free  carriers.  One  can  make  the  same 
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l>?t  r  '^'5'^  C  C  d  Tr  0*r.  *:  ^ p  Ik t kj^L  Vuk^  y  *»  i *  h  i  j  i  l  ht-  C  O? i  r  ?  >T 

tKf  In^h-t^’nipi.'  rciturti  prt^pa  i^atioii, 

Spect ro^’ raphic  analysis  oi  a  Sn»As  STH*ciTTriv:n  revealed  the  prei>er..ce  oi  .sienjilicant 
levels  of  silicun,  tantaluiii,  and  copper:  concent  r a tKMi s  ni  .M)00,  2000,  .xnd  '300  pf^n. 

(a. t nT;'.i ri' - iH‘ ot  1  Vi- Iv  {conipared  appro,s.inwit t  iy  130,  400^  ^ud  oO  pprn,  respcc- 

livL'Iy,  in  the  startinit  m;iterials).  If  the  SilicuiA  aind  tantalurvi  act  as  donor  in^paritu 
the  concentration  of  each  element  could  account  fur  about  1  x  10^^  electrons/ err' 
which  is  stii!  somev/hat  smaiie r  than  the  irioasured  carrier  concentration  ot  this  uartic*' 
uhir  sanipiC  (n  =  8  x  The  sourrt'  ot  tantalum  is  no  doubt  tlu-  t.jnla:  ui.t- 

which  holds  the  SmAs  charge.  The  source  of  silicon  and  copper  be  the  nuhrl:^ 

ei.va  h used  in  iho  preparation.  The  CarUon  tind  oxygen  concent  rations  in  tritn*  sample 
hriVe  r.ut  been  determined.  However,  it  ^ippears  tliut  one  must  look  at  other  possibilUies 
in  addition  to  chenucal  impurities  for  thvO  orij^in  ot  the  hieh  tree-electron  concent  rat  len  s. 

The  results  of  chemical  analy sis  ot  se\u/ral  NcLAs  specimens  indicate  that  thv 
spocirnens  tend  to  be  arsenic  deficient.  T'or  example,  analysis  of  Specimen  4ZRA, 
which  was  prepared  with  excess  arsenic  and  subsequently  sintered  in  arsenic  \apor 
at  1  aim  of  pressure,  gave  a  composition  of  NTAsq^  oq^.  Specimen  loR  ay^jpa  re  nt  ly  lost 
ar.::^enic  m  preparation,  going  frun^i  a  syntiulic  comp^'^rit.on  oi  NcrXsQ^qy  final  ci-ui.- 

positiun  of  KcL\sq^  9^,  Carrier  concentrations  obtained  from  the  electrical  nieasure- 
liients  on  the  two  specimens  (sec  Table  id)  reiieci  the  differences  between  compo ion s 
of  the  samples,  suggesting  lattice  defects  as  one  possible  source  of  the  high  carrier 
concent  rations. 

Figure  16  show the  temperature  dependence  of  for  these  materials.  The 

large  concentrations  of  charged  carriers  present  suggest  the  pos sibiiii’^’  01  large  con¬ 
centrations  of  ionized  scattering  centers  which  would  suppress  the  mobility  of  electrons 
in  these  materials.  However,  using  the  simple  relation  RH“  mobility,  one  sees 
that  this  is  not  the  case.  Relatively  high  mobilities  are  obtained,  being  on  the  order  of 

7 

i  00  cm'"/ volt- see  for  the  ari,enide5  at  room  temperature,  with  a  temperature  depend¬ 
ence  suggesting  that  a  lattice  scattering  mechanism  dominates.  This  latter  is  in  agree¬ 
ment  with  the  above- discusse d  conclusion  from  analytical  data  to  the  effect  that  lattice 
defects  rather  than  ionized- impurity  centers  are  the  primary  sources  of  change 
car  riers. 


THIN  FILMS 


The  preparation  and  study  of  rare-earth  metals  and  compounds  in  film  form  were 
undertaken  with  lull  recognition  of  the  magnitude  of  tlie  task  and  of  the  fact  that  the  base 
ipon  which  the  technology  could  be  built  (i.e,  ,  the  technology  of  the  oulk  materials)  was 
iOt  well  developed.  It  was  recognized  that  purity  and  crystalline  state  of  the  material  b, 
over  which  iutle  measure  of  control  has  as  yet  been  established,  would  have  evt-n  more 
proiouitd  effect  on  properties  of  the  films  than  on  those  of  the  balk  materials.  In 
addition,  at  IhiO  inception  of  the  research  program,  it  also  was  recognized  that  only  a 
beginning  could  be  made  VMthin  the  time  available  in  this  contract  periods  It  wa.'^ 
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FIGURE  16.  HALL  MOBILITY  AS  A  FUNCTION  OF  TEMPERATURE 
FOR  N-TYPE  NdAs,  GdAs ,  AND  NdSb 
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cfiiipcKuids  ountainin*:  suic-niuni  \\crt.*  vinde rtakti!  witl:  the  ultunaU-  objective*  of  making 
ti::  sv  pv^onrially  U‘a*hil  i-lcctrotac  inati*  rn-.  1  s  \  .i  il.i  bln  in  tlun-filnt  form.  In  thu  initial 
i*\[H  riiiKHlai  Work  icii  is  dir^cassc'd  ln.*r«.*.  lliick  iilms  (Z*5to  170  u)  v-oro  jDroptfr^d 
til.  it  synllu*t:c  Irohniqu^.- ?>  could  bo  v,*.  iu<»lt‘d  oy  comparing  properties  ot  the  films 
V,  i!ii  thijse  <jf  the  bulk  m  i tt.‘r nils, 

riu  preii.'i  iMtion  nu'lhod,  v.Uich  \v  a  s  utilized  primarily,  involved;  (1)  the  formation 
•  d  I  lilni  of  the  r  tre-e.irtn  metal  U\  vacuunj  depo:^ition,  and  (Z)  the  reaction  of  the  ra  re- 
earth- me  t.ii  film  Lth  vapor  of  the  m»  dal  bud  at  moderate  temperatures  (475  to  1000  C). 

In  connection  with  the  ;  ilni- prep%  ral  lon  vvork,  some  study  was  made  of  the  possi¬ 
bility  .H  oiitainintt  vitpor  transf>orL  ct^mpound*.  which  cc'uld  be  utilized  fur  the  film 

<]ep(.»s  It  lOn.  I’he  results  of  ox[>erimcnts  witli  SmAs,  utiliziuj.^  small  concentrations  ol 
to  generate  a  volatile  samariutri  compound,  were  nej^ative.  j'dtbough  vapor  transport 
L»f  s  imarium  iodide  was  ooserved  at  850  C,  no  vaper  transport  oi  SmAs  w'as  observed 
in  eitlier  di reaction  along  a  temperature  gradient  (e.  g.  ,  in  *18  hoers  at  b/U  to  VOO  C). 

I  his  IS  in  agreement  with  results  otitained  ui  the  studios  on  the  vapor-growth  of  crystals 
(of  seliTiides  and  tellurides)  which  are  discussed  :n  a  preceding  section  and  which  in¬ 
dicated  that  rates  of  transport  of  the  subject  rare-earth  compounds  are  extremely  low 
in  these  types  of  chenucal  systems. 

To  carry  out  the  film  preparation  as  initially  described,  a  vacuum  system,  such 
rts  IS  shown  in  Figure  17,  was  designed  and  constructed.  The  essentials  were  the  two 
sidearms,  the  substrate  holde r  attached  to  a  magnetic  susceptor,  and  the  suspended 
tantalum  crucible  containing  rare-earth  metal,  with  provisions  for  induction  heating  of 
the  latter.  The  substrate  first  was  held  in  a  sidearm  and  was  baked  out  in  the  movable 
resistance  furnace.  The  rare-earth-metal  source  was  degassed  and  the  system  w'as 
geiiered  by  distilling  some  rare-earth  metai.  Next,  the  substrate  was  moved  into 
place  for  deposition  of  the  metal  film.  The  film  then  was  moved  into  the  second,  evacu¬ 
ated  sidearm,  containing  an  excess  of  arser.ic  or  selenium  and  was  dropped  from  the 
holder.  Finally,  the  sidearm  containing  the  specimen  was  sealetl  off,  removed,  and 
placed  111  a  furnace  where  the  metalloid  vapor  was  reacted  with  the  rare-earth  metai 
film. 


I-hlm  thickness  was  controlled  by  controlling  th.e  time  and  (source)  temperature 
for  deposition  of  the  rare-earth  metal  film.  Thickness  of  the  resulting  film  of  the  com¬ 
pound  usually  fell  within  ±  20  per  cent  of  the  desired  value  and  was  in  the  thickness 
range  of  interest.  For  example,  in  a  scries  of  six  films,  thickness  ranged  from  4  to 
o  microns.  The  thicknesses  of  the  films  were  determined  with  an  optical  mic rc:sc<ipe 
liaving  a  cabbrated  eyepiece.  Cross  sections  required  for  the  purpose,  which  were  not 
.ippreciably  distorted,  were  obtained  by  fracturing  the  substrate  (and  the  film).  Three 
types  of  substrates  were  utilized:  (1)  dense,  high-purity,  ceramic  alumina,  (2)  cleaved. 
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FIGURE  17.  VAPOR-DEPOSITION  APPARATUS 


50 


:3t  Available  Copy 


i.  : 


t:..  ^:. 

V  .<  5.T  i', 


t  ,  i  ^ 


1-  ‘ .  ^ i  .  ^  r -r  ^  , 

>  ^  V  J  ^  t  lUiUi  fu‘i  •<  Sit  ii  ‘-v  »:.  ,i, 

iv.a%.^  v.^iU,4Ui  NIJUI^  |jv*r<i»*'^  t^u-'Mt-'. 

»r.  iKf  V.  r  \  .t  I  i  iiii  M^O  »^**n>lUaU  und<*  i  r  a  bK*  'jartiict 


"•'  1  r  l,  t  V  *  .>  ‘  V  V  i  V  M  I 


lllu^fl  ii.it  t  ,s,  ;atll  |>rt'p.i  r.tl  M.li  -  .  \%hlcli  trr  lli  labir  lu,  :>HuVv  tl,.I 

ti  v;  -  |M»-NjbU  It  jirufi.tri'  !ilui^  ui  Ihc  tii->c!urU  \Mlh  jirupr  rt  lO  s  vi-ry  buiuKir  ti* 

^-1  tlu  i»uilv  -♦ihuI.  In  llu^  Cvi  i»v'  t>i  thi‘  beUbiicJi:  iihiisj,  Ituvscwr,  tmc  cMicuunti  th  »f 
sti.u  !in.im  1  !•)  pruIjU  lu;  tlu-  lilm::.  prepared  it  iow  tunipe  ralurt*  s  (oOO  to  oOO  C)  in  •, 

•  \ct  .r  ni  It  mum  \%trt  found  to  be  the  poly^oienide,  M5e^,  wjiile  at  tlu*  higlu  i  tein* 

i-*  rwtnn  (1000  C)  tlie  .*>esquisclt*nide  phase  Was  abtit;ned,  TJiese  results  are  in  aocuru 
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tour  SI  oj  tile  preparation  of  the  bulk  materials. 


Klectrmal  resistivity  versus  temperature  and  optical  t ransmi  s s;v>n  data  uere 
lul;t  a  on  I  lie  r>e  squi  se  lenide  phase;  both  sets  ol  lata  indicated  that  lh<*  conductivity  in 
the  ran^e  around  room  temperature  is  dominated  by  an  impu rity-activation  energy  id 
*-0.  35  ev. 


The  results  lor  Reactions  74R  and  IJIR  show  very  clearly  the  reactivities  ul  the 
rare-eartli  metals,  in  both  cases,  the  metal  films  were  taken  to  elevated  temperatures 
when  concentrations  of  the  metalloid  vapors  w<  re  very  lowb  and  in  both  cases  the  metals 
reacted  with  tlu  substrate  m.a  to  rials  producni'  material  with  unexpectedly  higli  electri¬ 
cal  resis  tance.  That  this  involved  reaction  with  the  substrate  was  substantiated  by  ex- 
ainimn^  a  film  ol  v'ldolinium  motal  on  crystalline  MgO  which  had  been  taken  to  1080  C 
(as  Film  74R),  in  v.o  uim;  the  film  was  found,  by  X-ray  diffraction,  to  be  polycrystal¬ 
line  and  no  longer  enlolinium  metal  but  another  unidentified  phase. 

The  reaction  times  used  are  believed  to  be  far  in  excess  of  the  minimum  time 
required  to  get  essentially  complete  reaction.  No  attempt  was  miade  to  determine  the 
nuninuim  lime  or  to  shorten  tht  procedure.  It  was  felt  that  the  use  of  excessively  long 
high-temperature  treatments  would  have  a  salutory  effect  on  specimen  homogeneity. 


Preparation  of  Oxides 


From  a  review  of  previous  work  on  the  preparation  of  metal  oxides  (especially 
rare-earth  oxides),  it  appeared  that  it  would  be  possible  to  prepare  rare-earth  oxide 
films  by  the  direct  reaction  of  oxygen  w^ith  the  metal.  However,  little  or  no  information 
was  available  regarding  the  nature  of  rare-earth  oxide  films.  Hence,  an  experimental 
investigation  of  these  materials  appeared  to  be  advisable. 

The  first  step  taken  in  the  preparation  of  thin  oxide  films  was  to  prepare  a  smoutli 
metal  surface  prior  to  the  oxidation.  Tlie  tw<)  methods  used  in  preparing  smoolli  sur¬ 
faces  were  (1)  to  polish  a  piece  of  bulk  metal  using  Al^O^  (<  0.  3-</  particles)  in  kerc^- 
sene  for  the  final  polish  and  (2)  to  vapor-deposit  a  layer  of  metal  (a  few  microns  thick) 
onto  a  smooth  substrate.  Cleaved  single  crystals  of  MgO  and  the  fused  surfaces  of  Vyu  or 


cI<.r.i'jni-vapor  .iinio'plicrc  wa>  generated. 


TABLE  16.  SUMMARY  ON  THE  PREPARATION  OF  FILMS  OF  RARE-EARTH  COMPOUNDS 
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Oxidation  ^^ab  accoinphsht-d  by  heating  the  polished  bulk  metai  or  vapcr-deposited 
metal  in  an  oxygen  stream  in  a  resistance  furnace  designed  for  the  experiments.  In 
exploratory  experiments  to  determine  suitable  conditions  for  film  preparation,  the  tem¬ 
perature  of  the  metal  was  increased  at  a  rate  of  Z  C/min,  and  interference  colors 
associated  with  the  rare-earth  oxide  were  observed  through  a  slit  in  the  resistance 
furnace.  After  the  furnace  had  reached  the  desired  peak  oxidation  temperature,  it  was 
allowed  to  cool  rapidly.  Figure  18  shows  the  interference  colors  observed  at  the  vari¬ 
ous  temperatures  during  the  oxidation  (at  i  atm  of  oxygen  pressure)  of  gadolinium, 
erbium,  samarium,  and  yttrium  metals.  The  apparent  order  for  increasing  resistance 
to  oxidation  among  the  types  of  metal  specimens  employed  is:  polished  gadolinium, 
polished  erbium  and  samarium,  vapor-deposited  yttrium,  vapor-deposited  gadolinium, 
and  polished  yttrium.  Microscopic  observation  of  the  surface  of  the  oxide  films  in¬ 
dicated  that  areas  of  the  surfaces  of  a  given  specimen  were  oxidizing  at  different  rates, 
since  several  interference  colors  wore  seen  with  each  specimen. 

Precise  correlation  between  the  interference  color  and  film  thickness  cannot  be 
made  without  reasonably  comprehensive  information  on  (1)  the  refractive  index  of  the 
film,  (1)  the  effect  of  the  metal-oxide  interface  on  the  reflected  light,  and  (3)  the  widths 
of  the  inte reference  bands.  However,  the  order  of  magnitude  of  the  thickness  can  be 
estimated  from  data  on  other  kinds  of  films  (Ref.  15).  Estimates  made  of  the  thick- 
n*»sscs  of  the  rare-earth  oxide  films  prepared  in  this  work  are  in  the  range,  100  to 
3000  A. 

Oxide  films  were  also  produced  on  yttiuum  by  anodizing  the  metal  in  a  4  per  cent 
boric  acid  solution  using  1-1/2  to  4-1/2  volts.  In  order  to  get  the  reaction  to  proceed 
over  the  entire  metal  surface,  it  was  found  necessary  to  clean  the  surface  by  swabbing 
it  with  NaOH  sohition  until  it  would  be  wetted  uniformly  with  water.  As  in  the  case  of 
oxides  formed  by  solid-vapor  reaction,  the  oxides  formed  by  anodization  contained 
areas  which  wore  oxidized  at  different  rates. 

To  put  the  evaluation  on  a  firmer  basis,  the  nature  of  yttrium  metal  surfaces 
prepared  under  various  conditions  was  investigated.  It  was  found  that  the  grain  size 
was  brought  out  nicely  by  etching  for  a  short  time  using  1  per  cent  nitric  acid  in  ethanol 
or  by  heating  in  oxygen,  or  to  a  lesser  degree  by  anodizing  in  boric  acid.  The  following 
conclusions  were  drawn  from  observations  of  photomicrographs  taken  under  magnifi¬ 
cation  of  600X.  The  vapor-deposited  yttrium  metal  was  blemish  free  (see  Figure  I9a), 
whereas  the  bulk  metal,  which  was  polished  w'ith  AI2O3  in  kerosene,  showed  a  high. _ 
density  of  blemishes  (sec  Figure  19b),  which  could  be  removed  by  etching.  Figure  20 
shows  the  comparison  in  grain  sizes  obtained  for  various  preoxidation  treatments.  The 
grain  sizes  of  the  polished  bulk  metal  (see  Figure  20a)  and  the  metal  vapor  deposited 
onto  a  single  crystal  of  MgO  (see  Figure  20b)  were  about  the  same.  However,  the  grain 
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riGL’RE  18.  INTERFERENCE  COLORS  OBSERVED  IN  THE 
PREPARATION  OF  OX.DE  FILMS 


FIGURE  19.  AS-PREPARED  SURFACES  OF  YTTRIUM  METAL  (600  X) 


c.  Vapor  Deposited  on  Glass 


d.  Polished  and  Annealed 


FIGURE  20. 


ETCHED  SURFACES  OF 


YTTRIUM  METAL  (600  X) 
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in  avciag^i  diameter,  and  the  grain  si^e  of  the  bulk  metal  after  the  sample  'Aas  annealed 
at  )00  C  lor  1  hour  and  cooled  slowly  was  many  times  larger,  ca  50  times  (see  Fig¬ 
ure  ^OdJ*  No  experiments  were  conducted  on  the  annealing  of  the  vapor-deposited  metai. 
The  surface  of  the  annealed  bulk  metal  showed  some  dark  areas  which  were  subgrain 
Siz<v  rhest  dark  arcub  appear  to  ov  a  t>recipitated  phase  in  the  nictai,  i>ince  they  rt*- 
riiain  whvn  the  surface  is  ground  a  way  and  me  metai  is  repolisoed. 

Although  all  rare-earth  oxide  iiiais  prtLpared  to  date  have  been  nanuuifurui  in 
lliickiiess,  as  discussed  prevjoxisly,  some  qualitative  conipar:sons  can  be  made  among 
the  various  materials  ar:d  preparative  Leciuiiques  used*  i:*ssentiaiiy  no  differences^  are 
noted  which  would  suggest  that  oxuiizing  one  rare'- earth  mcTuI  yields  a  mure  unuorm 
lAini  than  oxidizing  anuih.er.  Likewise,  oxi.de  film  uniior.aiity  does  not  appear  to  depend 
on  niaxuriuni  temperature  tor  the  solid- vapor  reaction^  on  the  ternpe  rat ure-time  pro- 
grain  employed  lor  i]\c.  reaction,  or  vvhet)ier  or  not  th*^  metal  ib  exposed  to  the  atmos¬ 
phere  prior  to  oxidation.  On  the  other  hand,  iess  unit  or  m  films  consistently  are 
produced  when  polished  rnetal  surfaces  are  oxidized,  compared  with  vapor-de posited 
metai  surfaces.  The  sizes  of  the  crystal  grains  apparent  on  these  surfaces  are  about 
tile  same.  However,  one  might  expect  the  grains  present  in  the  vapor- deposited  metai 
to  hav^e  a  tendency  be  oriented  during  growth  so  as  to  have  iov'-er  difterent  crvstal- 
lug  rapine,  faces  exposed  during  oxidation.  In  addition,  one  would  expect  tiie  fiohslied 
surface  to  be  in  a  highly  strained  condition  because  of  work  daniagt\  and  it  may  be  less 
.smooth  than  the  vapor  -  deposited  metal  surface.  One  or  both  of  these  factors  nughl 
influence  the  oxidation  and  produce  the  observed  difference.  To  this  point,  it  is  noted 
that  a  more  uniform  oxide  film  is  produced  or.  a  polished  surface  after  the  metal  has 
been  annealed  at  900  G  for  1  hour*  Of  course,  in  addition  to  reirjoving  the  effects  of 
work  damage,  the  annCvil  produces  grain  growtli  which  may  lead  to  more  uniform  oxide 
tilms  if  the  grains  surviving  tend  to  be  oriented  similarly.  The  soLd-vapor  reaction 
and  tlic  anodization  fia ve  produced  oxide  films  of  comparable  uniformity. 

Contacts  to  the  oxide  films  were  made  (1)  with  air- dry  silver  paint,  (2)  with 
vapor-deposited  gold  and  fi)  with  vapor-deposited  rare-earth  metal.  The  lateral  dimen¬ 
sions  of  the  samples  w^ere  large  enough  that,  in  some  cases,  a  senes  of  contacts  could 
be  applied  lo  the  oxide,  thus  giving  a  number  of  metal-oxide-metal  units  on  each  sample. 

One  of  the  experimental  difficulties  encountered  in  this  initial  work  was  that  of 
poor  bonding  between  the  oxide  film  and  the  metai  contacts  which  were  vapor  deposited 
onto  the  oxide  film*  It  was  found  that  this  difficulty  was  alleviated  when  the  preparation 
of  oxide  and  vapcr-depositiun  of  yttrium  contacts  onto  the  oxide  were  both  carried  out 
in  the  same  apparatus  with  no  interim  exposure  to  the  atmosphere.  The  difference  ob¬ 
served  may  have  been  due  to  the  influence  of  moisture  on  the  surface  of  the  oxide  ex¬ 
posed  to  the  atmosphere. 

To  obtain  basic  information  as  an  aid  in  the  evaluation  of  the  films,  dense 

bulk  material  was  prepared.  A  bulk  specimen  of  was  prepared  by  heating 

powdered  oxide  at  800  C  to  remove  water,  pressing  hy drustatically  at  100,000  psi,  and 
sintering  at  about  2400  C  for  iO  ininutes  in  a  tantalum  tube.  The  density  of  the  sintered 
oxide  specimen  w^a  s  dete  rrnined  tu  be  4.63  i  0.  0  i  g/ern  92*  b  pe  r  cent  ot  the  t  heoreti- 
cal  density  from  X-ray  diffraction  data.  The  resistivity  and  low  -  frequency  dielectric 
constant  of  this  Y^O^  specimen  have  been  measured*  The  resistivity  was  obtained  ijve  r 
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the  temp€‘rature  range  iOC  to  160  C.  In  this  range  varied  as  2Z/kT^  the  value 

iOO  G  be  K  O.^.^x  . gives  a 

~vatuc  for  this  parameter  uS  about  10^^^  ohm-cnr^. 

The  static  dielectric  constant  was  measured  and  found  to  be  il  between  ICO  and 
100,000  cps,  the  loss  tangent  decreased  from  0.  00975  to  0,0005  over  the  same  fre*^ 
quenc/  range.  Chung  (Ref.  16)  reports  a  refractive  index  of  ].  93  for  Sirigie- cry  stal 
Y^O^.  This  vvuuici  give  an  optical  dielectric  constant  of  about  3,  7  for  the  niiaterial. 


Properties  of  Metai^Insulatoi “Metal  Structures 


Current  flow  between  metal  electrodes  separated  by  a  thin  insulating  region  can 
be  established  via  the  foilov/ing  processes  (Ref,  17): 

(i)  Direct  tunneling  of  electrons  from  one  metal  to  the  other 

(Z)  Thermionic  emission  over  the  metal-oxide  contact  barrier  into  tne 
conduction  band  of  the  insulator 

(3)  Tunneling  through  the  contact  barrier  into  the  conduction  band  of  the 
insulator 

(4)  Tunneling  of  electrons  directly  from  the  metal  to  impurity  or  defect 
levels  in  the  insulator  and  subsequent  excitation  of  these  electrons 
into  the  conduction  band. 

Process  (i)  has  been  inve stigatcd  theoretically  by  numerious  investigators,  most 
recently  by  Simmons  (Ref.  18)  who  calculated  the  current  density  versus  voltage, 
characteristics  over  tlie  entire  voltage  range  and  included  the  effects  of  dissimilar 
electrodes,  Meyerhofer  and  Ochs  (Ref.  17)  adequately  described  current  flow  through 
thin  films  of  AI2O3  and  BeO  in  terms  ofProcess  (i)  by  adjusting  barrier  parameters  to 
produce  a  calculated  J-V  curve  which  agreed  quite  well  with  their  experimental  data 
over  much  of  the  voltage  range. 

Similarly,  the  theory  for  Process  (Z)  has  been  worked  out,  and  use  of  this 
(Schottky)  emission  phenomenon  is  made  in  varactor  diodes,  for  instance. 

Process  (3)  is,  in  reality,  a  limiting  case  of  Process  (1)  and  occurs  at  biases 
such  that  the  applied  voltage  is  greater  than  the  barrier  height  at  the  metal-insulator 
bounda  ry. 

Process  (4)  does  not  appear  to  have  been  treated  in  any  great  detail  in  the  litera¬ 
ture,  but  it  IS  suggested  in  Reference  (17)  that  the  over-all  effect  would  be  a  reduction 
in  me lal- metal  tunneling  brought  about  by  an  effective  increase  in  the  barrier  height  due 
to  space  charge  buildup. 

Thus,  the  analytical  tools  are  available  and  under  conditions  such  that  one  me¬ 
chanism  IS  dominant,  quantitative  information  regarding  effective  barrier  heights  and 
thicknesses  can  be  obtained  from  analyses  of  the  J-V  data.  In  practice,  however. 
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Lfc^rtain  expe rinicntal  diiiicuUitf s  are  s ui n e t i n i e ^  c d c ou nt e red .  .  j 


jit*ibility  of  tne  J*^V 

characteristics  due  to  surface  phenomena  or  poor  physical  and  electrical  contact  al  llu- 
rne tal“ insulator  boundary.  Similarly ^  the  analysis  4S  complicated  by  the  addition  of 
such  unknov^ms  as  nonuniiurmity  of  the  films,  the  presence  of  impurities  or  traps,  and 
the  use  of  dissimilar- inetai  electrodes.. 


The  structures  studied  in  tins  nivvsligdtion  \^erc  prepared  Oy  the  methods  dis¬ 
cussed  previously.  The  rare-earth  metal  (bulk  ur  vapor- deposited  uasv)  serve<I  as  nr,f 
electrode^  the  other  being  either  vacuum- dv posited  gold  or  ra re earth  metal''*  or  air- 
dry  silver  paint.  As  \^.'as  already  mi^nt  li.iTivd,  v^hen  tl-v  base -metal  elect  rude  was  a 

It  was  several  imcrons  thicks  The  oxide  films  were  i  00  to  3000  A  thick.  Effr^it 
was  especially  devoted  to  the  dcvelopmeul  oi  piueedures  tor  the  preparation  of  st  rue  tu  res 
w'Uh  boti^  elect  rude  b  the  same  rare-c-arlli  {sttrium}  nieta.i,  since  analysis  ol  J  -  V 
characteristics  is  least  complicated  lor  sucii  structures.  Lead  wires  were  attached 
using  either  silver  paint  or  a  low  melting  In-Ga  alloy.  Current  voltage  characteristics 
wrere  obtained  by  a  paint- by- point  lechniqut:  or  from  a  Tektronix  transistor  curve 
I  racer. 


The  presence  of  shiUrling  paths  wos  indicated  in  iijost  of  the  strvictures  p  re  part'd 
during  this  investigation.  In  some  cases,  the^^.:  coaid  be  ''burned  off'  by  passing  re¬ 
latively  large  currents  through  the  structures  tor  short  periods  ol  time.  The  contact 
problems,  how^ever,  were  not  so  easily  solved.  In.  addition  to  the  instability  and  non- 
reproducibiiity  of  tiie  characteristics.  ■  re  was  always  doubt  as  to  the  true  (eiectrical) 
contact  area  and  hence  uncertainty  in  t:  current  density.  For  this  reason^  Battelie's 
results  are  presented  in  terms  of  "  rather  than  J-V  characteristics. 

Typical  examples  of  such  characteristics  are  shown  in  Figure  2i  and  dd.  Fig'’ 
ure  Z1  show^s  the  1-V  cliaracteristics  for  Gd-Gd^O^-Ag  structures  i  14  RA  and  124  Ri>, 
lormed  on  polished  g.ii  doliniuni  metal  oxidized  to  355  and  190  C,  respectively.  Althougli 
the  I- V  curves  for  these  specimens  both  have  the  same  shape,  the  curve  for  124  RA  lie^ 
above  that  fur  124  RB.  Assuming  the  thickness  of  the  oxide  layer  to  be  the  controlling 
factor,  the  reverse  should  be  true  since  the  oxide  layer  was  formed  at  a  higher  tem¬ 
perature  on  Specirrien  124  RA, 

This  discrepancy  may  arise  in  part  from  a  difference  in  true  contact  area  between 
the  two  structures,  or  be  a  mam  festal  ion  of  nonuniform  film  thickness.  It  may  be  ob¬ 
served,  however,  that  the  general  features  of  metal-metal  tunneling  are  indicated  by 
these  curves,  i.e.,  ohmic  behavior  at  low  voltages  and  rapidly  increasing  current  at 
higher  voltages.  That  significant  departures  from  olimic  behavior  are  observed  ijniy  at 
voltages  greater  than  1  volt  indicates  a  high  barrier,  possibly  3  ev,  while  the  n'.agnitude 
of  the  current  indicates  that  the  barrier  is  also  narrow  (see  Figure  7  of  Reference'  (IH) 
for  instance). 


Must  data  on  Y-Y^iO^-Ag  structurr  128  HA.  trie  basic  structure  of  winch  was  pre¬ 
pared  by  the  oxidation  of  a  vapor- def>usded  yttriam  iiiin  to  370  C,  gave  curve  b  similar 
tc»  those  fur  124  RA  and  124  KB.  On  the  other  b.and.  Figure  22  shows  the  I-V  character' 
i sties  observed  in  one  case  for  the  structure  i  28  RA,  winch  predict  a  very  low  barru  r. 
Tju  expo  rirneiitai  points  can  be  fitted  over  tiie  initial  portion  of  the  curve  by  an  equation 


of  tlie  form 


I  =  Ki 


-K^/V 


Ibiis  IS  tht  sanu'  funct  i  ona  I  rc  lationship  occur  ring  in 


-»9 


•Tt'ttnuai  IS  fj?.  u  t  to  of  lar^  -L.ulh 


omperes 


FIGURE  ll.  I-V  CHARACTERISTICS  OF  Gd-Gd203-Ag  STRUCTURES 
A 1  H  OO  M  1  t,  M  P  E  H,  1  U  R  E 
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FIGURF  U.  1-V  CHARACTERIb  J  ICS  OF  Y-Y^Oj-Ag  STRUCTURE 
AT  ROOM  1  EMPERATURE 
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tunnci  s  siofi.  Tins  suggests?  lhat  the  c  f  le  g  1 1  \  v  Uj  me  r  height  at  the  Y  *  Y  3  f 

W  ytllUlftt '  f0iP^  wfsfcll"'' da'ti'  One  pos»iLl*s 

explaiidtion  for  tins  inct»nbistency  that  Si^e  presence  ol  interface  states  is  dominating 
the  characteristics  oi  these  structures.  In  many  specimens,  difficulty  in  maintaining 
physic.^!  contact  between  the  oxide  and  the  foreign  inetai  electrodes  was  encountered. 

In  stiii  other  specimens^  the  surface  of  th^  oxide  layer  appeared  to  be  highly  conducting. 
Surface  conUinu na t ion  ccuald  account  for  effects  and  such  contamination  is  possible 

siiiCc  all  the  St.  aciures  were  exposed  to  the  atmosphere  during  some  stage  of  the 
pruce  sing. 

Before  a  meaningful  assessment  can  riiade  of  the  properties  of  these  materials, 
there  lb  a  need  for  more  exteiJ4»ive  investigation  ot  the  mechanism  of  oxide  growth  and 
for  uiOie  precise  control  over  the  expe  rimental  techniques  employed  during  processing 
and  rnea su rente nt. 


POTENTLAL  DEVICE  APPLICATIONS 


Although  eiectronic“grade  rare-earth  melais  are  not  yet  available,  and,  problems 
connected  v^ith  control  of  stoichiometry  remain^  the  eventual  utilization  of  rare-earth 
compounds  and  alloys  in  electronic  applications  is  definitely  indicated.  Studies  to  date 
have  indicated  diverse  applications  for  rare-earth  compounds  and  alloys  including 
thermistor  and  related  devices,  power-generation  dev  ces,  and  active  devices,  in¬ 
cluding  -'tunnel-endssion’*  devices  as  well  as  tiie  mor  *  conventional  p-n  junction  device. 
Of  these,  realization  of  p-n  junction  devices  utilizing  rare-earth  compounds  is  most 
speculative  at  this  time.  However,  the  rare-earth  compounds  with  Group  V^A  anions 
appear  to  be  a  class  of  refractory,  moderately-high-mobility  semiconductors  of 
potential  interest  for  active  device  components. 


Thermistors 


As  has  been  shown,  the  rare-earth  monoseienide  and  monotelluride  compositions, 
in  which  the  rare  earth  is  one  such  as  samarium  and  ytterbium  (and  probably  europium) 
that  readily  exhibits  a  +2  oxidation  state,  have  relatively  large  room-tempe rature  re¬ 
sistivities  and  exhibit  large  negative  temperature  coefficients  of  resistance  (TCR).  The 
materials  are  of  special  interest  because  of  their  high  melting  points  and  good  thermal 
stabilities  w^hich  indicate  the  feasibility  of  high-temperature  (500  to  800  C)  operation  of 
the rmi stor- type  devices  made  with  these  materials. 

Figure  23  is  a  plot  of  specific  resistance  as  a  function  of  temperature  for  SmSe, 
YbSc,  and  typical  commercially  available  thermistors.  It  is  seen  that  the  TCR*s  of  the 
experimental  samples  of  SmSe  and  YbSe  compare  favorably  with  those  of  the  commer¬ 
cial  thermistors  and,  in  addition,  it  is  indicated  that  thermistors  based  on  these  still- 
to-be-optimized  materials  could  be  operated  over  a  much  broader  temperature  range, 
extending  to  considerably  higher  temperatures. 
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FIGURi;  Z3.  SPECIFIC  RESISTAN’CE  AS  A  FUNCTION  OF  TEMPERATURE 
FOR  RARE-EARI  H  MONOSELENIDES  AND  COMMERCIAL 
THERMISTOR  COMPOSITIONS 
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citgree  oi  rt-producibility  obtained  in  the  preparation  of  the  rare-earth  com- 

aliU  more  attractive.  The  advantages  seen  for  these  materials  o%*er  commercial 
thermistor  materials  are  based  on  these  points^  as  foilowa: 


{!)  Potential  operation  at  higher  temperatures 

{1)  extensive  calibration  fur  each  device  element,  since 

properties  are  very  insensitive  to  purity  and  crystalline  state 

(3)  3-ess  stringent  production- process  control,  since  purity  and 
crystalUnc  state  need  not  be  controlled  precisely 

(4)  Improved  stability  as  compared  with  that  of  ceramic  compacts 

(5)  Faster  response  tiiTies,  since  thermal  conductivities  of  the 
crystalline  materials  may  be  expK^cted  to  be  higher  than  those  of 
the  pressed  oxide  powders. 


Adjustable  TCR  Resistors 


Studies  of  the  aforementioned  pseudobinary  alloys  of  the  compounds  point  to 
potential  application  for  the  alloy  materials  as  well.  Electrical- property  studies  of 
the  SmSe-NdSe  alloys  show  that  the  temperature  coefficient  of  resistance  (TCR)  for 
low  NdSe  concentrations  is  negative,  being  quite  large  for  pure  SmSe  and  decreasing 
as  the  NdSe  concentration  is  increased,  as  shown  in  Figure  24.  On  the  other  hand,  for 
high  NdSe  concentrations,  the  TCR  is  positive,  increasing  in  magnitude  as  the  NdSe 
concentration  is  increased  further.  Hence,  it  is  suggested  that  alloy  compositions 
could  be  obtained  which  exhibit  a  chosen  {even  zero)  Tv.*R  over  a  relatively  large  tem¬ 
perature  range.  For  this  particular  alloy  system  the  TCR  for  a  composition  containing 
16  per  cent  NdSe  is  negative  over  the  temperature  range  of  the  data  shown  in  Figure  24 
and  is  about  1700  ppm/C  at  25  C*  At  24  per  cent  NdSe,  the  TCR  is  found  to  be  about 
-1000  ppm/C  at  25  C,  and  at  33  per  cent  NdSe,  the  TCR  is  positive  and  <200  ppm  at 
23  C.  Hence,  the  lowest  TCR  near  room  temperature  would  be  expected  for  composi¬ 
tions  in  the  range  24  to  33  per  cent  NdSe, 

An  investigation  of  other  alloy  systems  of  the  same  type  (perhaps  involving  sulfur 
instead  of  selenium)  would  be  expected  to  yield  higher  resistivity  material  at  the 
outimum  composition  (i.  e.  ,  the  composition  showing  a  minimum  TCR)*  Alternatively, 
it  may  be  possible,  upon  further  study  of  such  systems  to  tailor  the  TCR  of  the  material 
to  fit  requirements  for  various  applications  and  in  various  temperature  ranges. 


Thermoelectric  Generators 


Material  m  the  group  of  rare-earth  seicnides  and  tcllurides  with  compositions 
having  metal-to-metalloid  ratios  in  the  range  3/4  to  2/3,  and  which  crystallize  in  the 
Th^P^  structure,  are  of  interest  with  respect  to  energy-conversion  technology  utilizing 
thermoelectric  phenomena  at  high  temperatures.  Electrical  resistivity  and  Scebeck 
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Resistivity,  ohm  -  cm 


FIGURE  2-1.  RESISTIVITY  A.S  A  FUNCTION  OF  TEMPERATURE 
FOR  SmSe-NdSc  ALIOYS 
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coefficient  of  theiie  materials  can  be  coot  roiled  by  adjaaiing  the  >nnetal*lo-me|alloid^^^ 

W  ■  of  the  alkaUne*earth 

elements  (calcium,  strontmm,  barium}*  Table  14  shows  thermoelectric  data  at  29S  and 
1  300  K  lor  representative  compositions.  Realising  that  no  serious  attempt  has  been 
made  to  optimise  these  materials,  estimated  values  of  the  dimensionless  figure  of 
merit  ET  at  !300  K  are  extremely  encouraging,  being  on  the  order  of  unity  for  a  number 
oi  compositions  already  studied.  As  mentioned  earlier,  compositions  lying  within  the 
c ru»3- hatched  area  of  Figure  iS  may  be  expected  to  be  especially  attractive  in  this  re* 
gard  and  should  he  investigated  thoroughly. 


Kielai' Insulator  Structures 


The  recent  trend  toward  miniaturization  of  electronic  components  and  circuitry 
has  created  intense  interest  in  deposited- film  microcircuilry ,  thus  prompting  interest 
in  the  so-called  ’*tunnei  emission^*  devices  (Refs.  19  22)  as  potentially  useful  active 
components,  which  conveniently  are  prepared  in  thin-film  form-  These  devices,  which 
act  as  nonlinear  conductors  in  a  diode  configuration  and  are  capable  of  amplification  in 
multielect rode  configurations,  are  basically  metal- insulator  sandwiches,  in  which 
electrons  pa*«s  through  a  thin  .insulator  between  metals  by  tunneling  or  b/  other 
mechanisms. 

Although  it  is  premature  to  suggest  that  rare-earth  metals  and  oxides  will  be  im¬ 
portant  materials  for  such  devices,  one  may  consider  them  as  potentially  useful.  As 
indicated  in  the  section  on  ’*Thin  Films"*  (i)  the  rare-earth  metals  can  be  deposited  as 
thin  films,  (2)  thin  rare-earth  oxides  can  be  formed  on  the  metals  by  conventional 
techniques,  such  as,  by  anodization  and  vapor* phase  reaction,  (3)  the  rare-earth  oxides 
appear  to  be  suitably  insulating  materials,  and  (4)  nonlinear  conduction  has  been  ob¬ 
served  in  metal-oxide- metal  diode  configurations. 


SUMMARY 


A  considerable  amount  of  progress  has  been  made  on  the  subject  program  in  the 
synthesis  and  evaluation  of  new  rare-earth  compounds  and  compositions.  More  than 
70  compounds  and  compositions  (principally  the  rare-earth  selenides,  tellurides,  and 
trsenides)  have  been  prepared  and  studied  in  bulk  and  thin-film  forms.  The  rare-earth 
:ompound3  investigated  are  refractory  materials  having  melting  points  in  the  range 
400  to  2200  C  for  the  selenides,  teilundes,  and  antimonides  and  in  exess  of  about 
'300  C  for  the  arsenides,  phosphides,  nitrides,  and  oxides.  The  rare-earth  metals  are 
ound  to  be  quite  reactive,  particularly  in  the  liquid  state,  hence  finding  suitable  con- 
ainer  materials  for  synthesis  work  was  a  problem,  in  addition,  most  of  the  reactions 
nvolved  in  syntheses  at  high  temperatures  were  found  to  be  rapid  and  exothermic.  In 
:enerai,  both  problems  were  surmounted  by  utilizing  solid-vapor  reactions  at  re- 
Ativeiy  low  temperatures  (400  to  lOOO  C).  Methods  have  been  developed  for  the  growth 
f  single  crystals  of  the  refractory  compounds,  both  from  the  melt  and  from  the  vapor 
»ha  se. 
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~ -7— bcetrfdu  Wd  ■  fn  I  a  varjat?l€  seh-nivun  or 

tellur  juns  content,  a  sequence  oi  cotiipu  ;nds  cun  be  ft^rineci^  pu^  ms  sing  u  v.ide  range  ui 
properties,  in  some  ranges  oi  composiUon^  the  IranssUun  from  one  type  of  condviCtKn 
process  to  another  appears  to  be  gradual,  thus  presenting  the  opportunity  for  study  o* 
subtle  differences  lK;tv.ei'f:  the  extremes.  VS  hen  the  changt*.s  u;  conduct  iMl>  rnech.trnsni 
are  acc<->nipanied  by  changes  in  structuie,  the  opp--»rtunHy  wiW.ir.  \  biu^iry 

ay  stem,  lor  a  study  of  the  effects  of  changes  in  lattice  spacing,  bending,  and  uthvr 
cry iktaiUne  environmental  factors,  on  the  transport  pruperiies  ot  a  sohd  GoiupL.CaUvua 
re^altiiig  irum  chainging  chemical  species  are  avuideu.  Thus^  the^e  are  afir.^ict  ivc 
systems  for  studying  interrelations  hetv.eeii  crystal  *'1  r  uct  .i  r  r  -  .  •.->  m.o  >tr.c?ire>^  ana 
tran^^puri  me 

Utilizatjon  of  representative  rare-earth  cioments  to  form  compounds  and  alloys 
\sith  the  Group  V-A  and  Group  Vi- A  elements  has  pr^^vuded  materials  iur  u  rach  i  Uct  zacal 
characteristics  raiige  from  those  of  high- res-stivity  semiconductors  to  those  of  riictai" 
like  conductors,  and  which  exhibit  electronic  iransp'.^ri  properties  of  both  practical  and 
theoretical  interest,  it  has  been  sho^vn  that  the  mouoselenides  and  monoteilunde  s  of 
samarium  and  ytterbium  are  potentially  valuable  thermistor  materials  which  can  servt 
as  a  basis  for  the  development  oi  an  ir’npro\ed  dLvice  operable  at  high  te  mpe  rat  u  rt  . 
Alloying  these  compounds  with  th^‘  inonorc  ie nuiv  s  and  nionoteiiuridoa  of  tr:p^.?siti\a- 
rare-earth  elements  yields,  withir.  a  given  alloy  system,  specimens  having  re  si  st  i  vit  le  := 
in  a  wide  range  (10**^  to  10^  ohm- cm),  In  addition,  within  a  given  alloy  system,  or,v:^ 
has  control  of  the  temperature  coefficient  of  resistance,  being  able  to  vary  u  Irom 
negative  to  positive  and  apparently  the  ability  to  obtain  a  TCR  very  near  zero  over  a 
wide  temperature  range.  Analysis  of  electron  conduction  in  these  alloy  systcin^  in¬ 
dicates  that  the  conduction  process  involves  interactions  between  the  tripusUive  rare- 
earth  atoms  in  chamlike  arrays  on  nearest-neighbor  cation  sites. 

Results  obtained  have  indicated  that  neodymium  teliuride  and  alloys  of  certain 
rare-earth  and  aikalinc-earth  sclenides  and  teliuride  s  are  superior  high-tempcraturc 
thermoelectric  generator  mater’  ils  which  may  be  useful  for  energy  conversion. 

Metal-insulator  configurations  have  been  prepared  with  rare-earth  metals  and 
Tearc-earth  oxides  and  analyzed  eiectncaiiy  using  diode  structures.  Electron  transport 
through  thin  layers  of  the  oxides  has  been  observed  and  current- voltage  cha  racte  ri stic  s 
consistent  with  tunneling  have  been  observed  qualitatively. 


RECOMMENDATIONS 


Results  of  this  research  have  clearly  shown  the  rare-earth  metals  and  compounds 
to  be  interesting  and  potentially  valuable  materials  worthy  of  further  cons  ide  rat  lun  and 
study  as  solid-state  electronic  mate  rials.  Four  general  types  of  future  inve st igat lonn 
are  re  cumin  ended; 

(i)  Device  fivvelopment  p r og r a ru»  ba^t  d  on  potent la'ly  useful  properties 
already  observed 

(^)  Fundamental  studies  of  transport  pht-noniend  and  properties,  band 
structures,  and  crystal  struct  arts  of  tia  m.tt*  rials. 


TTr  y  ■^lu^iy  of  thr  bu^k  properties  of  the  materials, 

rn‘^vu*j4  iniu  ot  other  classes  ol  compounds 

(4)  Continued  exploratory  study  ol  the  materials  in  thin  films  and  thiri’^ 
liirrj  sT  ruct '1  re  ,  an  area  h^is  barelv  betu'i  entered. 

It  is  Ijt'ijeved  that  the  cited  re  belts  and  accojuph  shnients  clearly  indicate  the 
rie  SI  r.i.  .JJ.1  ity  o!  c-untmuiniz  research  on  ra  re-*/ a  rt  h  metals  and  cOiiipouiids  iur  electronic 
T ppi I catior.s .  In  u.ddUion  to  the  sectioti  in  this  report  which  points  out  potential  device 
1  !  t  c-  n  .  -wnu-v,';.*l  dt^t  tiled  ra.'c  ^-arone  lidat  oens  tuithc  development  oi  thermistor  or 

tnc  mil  stor- tvpe ,  adjustable-TCR- resistor,  and  the  I'lnoolectric- generator  devices 
s-.i.»Ld  wi.  r-ir<  ‘earlii  iTeierndcs  and  leiiu  rides  previously  have  been  submitted  to  the 
Lsiectriuac  Teciuiuiuu>  LaboraTory,  these  recommendations  are  reiterated  here. 

A.s  IS  indicated  in  the  Summary  above,  MXp  binary  systems  are  attractive  as  the 
'.-huji.  ct ui  liindanumt^d  studies  of  crystal  sti’uctures,  band  structures,  and  transport 
;iicuhani:5m s.  Such  riiudies  arc  recommended  to  advance  the  basic  knowdedge  andunder- 
t  cl f I fi i  u c  (>>f  tlic  ^>c*Iid  state. 

AltiM/u^fi  progrc::.s  h^is  bci;M  made,  a  number  of  rare-earth  compounds  con- 

Ui  rniig  C'lroups  rind  VI  elements  {e.  g.  ,  oxides  and  phosphides)  deserve  more  study  of 
‘in  1  valuation  t>|>e.  In  addition^  the  solid-state  electronic  properties  of  rare^ 

.jrth  silicicie^,  and  possibly  carbides  are  of  potential  interest,  and  these 

oin^Auindiz  uitim.iteiy  should  be  studied.  With  the  amount  of  data  generated  in  the  past 
fA'.  yrai's  cit  Haltelk  and  \Mth  the  stimulated  interest  in  rare-earth  research  at  other 
,t  bo  rat  one  s ,  one  has  a  go«^ni  tuuiuiaUon  on  which  to  base  choices  of  other  rare-earth 
note  rials  fur  inort‘  extensive  research  and  development, 

lilt-  observation  u  charade i  sties  consistent  with  tunneling  in  rare-earth  metal- 
‘Xidt  'Hioial  structure-,  ^nd  the  observed  insulating  properties  of  the  oxide  point  to  the 
1  rabi lit y  of  contiriaing  study  of  such  materials  in  these  structures  and  of  continuing 
ttifiy  ij|  rare-earth  materials  in  thin- film  form.  In  this  and  in  other  cases,  it  appears 
hat  tha-  low  pur  .ty  of  tht*  rare-earth  materials  and  the  presence  of  grain  boundaries  is 
ijw,  or  ultimately  will  be,  factors  limiting  development  of  basic  knowledge  and  potential 
s€?  t>t  the  i'n  ate  rials.  Hence,  it  is  recommended  that  emphasis  be  pi -ced  on  the  pun- 
teat  1  mi  ano  control  of  the  cry  stall  me  state  of  the  rare-earth  metals  and  compounds  in 
iture  research,  and  parlicuiariy  in  the  research  on  thin  films. 


PAPERS  PUBLICATIONS  AND  PATENTS 

_ _  . .  f„  .  . 

Tt>  <}'■']  ilv  tirm  ly  and  fruitful  di  ss^mu nation  of  te  chuicai  information  generated  on 
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